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Abstract 

Calcium silicate hydrate (C-S-H) is the main hydration product in Portland and blended 

cements, and greatly affects durability and mechanical properties of the hydrated cement. 

In the presence of Al-rich supplementary cementitious materials (SCMs), C-(A-)S-H can 

contain more Al than C-S-H in plain Portland cements. The use of SCMs in cementitious 

system not only lowers CO2 emission, but may also enhance the mechanical properties in 

the long term, its durability and can help to suppress alkali silica reaction. However, 

important questions regarding the effect of Al, alkali and equilibration time on C-(A-)S-H 

structure and solubility are still not fully understood. This thesis focuses on the interplay 

between aluminium, alkali hydroxides in solution, the structure of C-A-S-H and aluminium, 

alkali uptake by C-A-S-H and kinetics of C-(A-)S-H formation.  

For aluminium free C-S-H, both KOH and NaOH have a similar effect, they increase pH 

values and silicon concentrations, and decrease calcium concentrations. At higher alkali 

hydroxide concentrations, more portlandite precipitates, while amorphous silica dissolves. 

This increases the Ca/SiC-S-H at low Ca/Sitarget but lowers the maximum Ca/SiC-S-H from 1.5 

to 1.2 in 1 M KOH/NaOH. The amount of alkalis bound in C-S-H increases with increasing 

alkali hydroxide concentrations and is higher at low Ca/SiC-S-H. KOH/NaOH lead to a 

structural rearrangement in C-S-H, increasing the interlayer distance, number of layers 

stacked in c direction and shortening the silica chains. The mean chain lengths (MCL) 

estimated from FTIR and Raman spectroscopy agree well with the trends from 29Si-NMR. 

Comparison with the independently developed CASH+ thermodynamic model showed a 

good agreement between the observed and modelled changes, including the shortening of 

the MCL. 

For C-(A-)S-H with Ca/Si = 1, the presence of Al led to higher amounts of secondary phases, 

larger interlayer distance, longer silicate chain, higher dissolved Al and Si, and lower Ca 

concentrations. The amount of secondary phases is reduced at higher pH; strätlingite and 

Al(OH)3 dominate at lower pH, and katoite at higher pH values. High pH is also associated 

with shortened silicate chain length, increased Al and Si concentrations, maximum Al/SiC-S-

H and lower Ca concentrations. The Al uptake in C-A-S-H increased with aluminum 

concentration in solution, indicating the predominance of a common Al sorption mechanism 
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independent of dissolved Al concentration or pH values. XANES data showed the presence 

of both Al(IV) and Al(VI) with different chemical environments in C-S-H.. 

The effect of equilibration time on C-A-S-H was investigated from 6 hours to 3 years. Rapid 

changes within the first day were observed in both the solid phase and the aqueous phase. 

Portlandite was formed in all samples with different Ca/Si and its amount decreased rapidly 

within the first day and remained stable after more than 7 days. A zeolitic phase 

(gismondine-P1) precipitated between 1 and 3 years and destabilized the C-A-S-H phases 

at target Ca/Si 0.6. In the solid phase, the Al migration from secondary phases to C-A-S-H 

and an increasing fraction of Al(V) and Al(VI) in C-S-H were observed with longer 

equilibration time. The Ca/Si ratio of C-S-H played an important role on the extent of changes 

in aqueous concentration: an increasing of Al concentrations with time was observed in C-

A-S-H with Ca/Sitarget = 0.6, while a decrease was observed for C-A-S-H with Ca/Sitarget  ≥ 

1.0. The uptake of Al and Na in C-A-S-H was observed to decrease after 4 days and 1 day 

separately, which indicates a rearrangement of C-A-S-H phases with time.  

 

Keywords: C-S-H, uptake, aluminium, alkali, equilibration time, pH, Ca/Si 

 

 



 

v 

Résumé 

Le silicate de calcium hydraté (C-S-H) est le principal produit d'hydratation des ciments de 

Portland et des ciments composés, et il affecte considérablement la durabilité et les 

propriétés mécaniques des pates ciment hydratées. En présence d'ajouts cimentaires riches 

en Al, le C-(A-)S-H peut contenir plus d'aluminium que le C-S-H des ciments de Portland. 

L'utilisation d'ajouts cimentaires dans un système cimentaire permet non seulement de 

réduire les émissions de CO2, mais aussi d'améliorer les propriétés mécaniques à long 

terme, la durabilité et de supprimer la réaction alcalino-silicieuse. Cependant, des questions 

importantes concernant l'effet de l'aluminium, des alcalins et du temps d'équilibre sur la 

structure et la solubilité de C-(A-)S-H ne sont pas encore totalement comprises. Cette thèse 

se concentre sur l'interaction entre l'aluminium, les alcalins (KOH et NaOH) en solution, la 

structure de C-A-S-H et de l'aluminium, l'absorption d'alcalin par C-A-S-H et la cinétique de 

la formation du C-(A-)S-H.  

En ce qui concerne le C-S-H sans aluminium, KOH et NaOH ont tous deux un effet similaire: 

ils augmentent les valeurs de pH et les concentrations en silicium, et diminuent les 

concentrations en calcium. À des concentrations plus élevées d'hydroxyde de sodium ou de 

potassium, davantage de portlandite précipite, tandis que la silice amorphe se dissout. Cela 

augmente le rapport Ca/Si dans le C-S-H à faible Ca/Si mais abaisse le rapport maximum 

Ca/Si dans les C-S-H de 1,5 à 1,2 dans 1 M KOH/NaOH. La quantité d'alcalin incorporée 

dans le C-S-H augmente avec l'augmentation des concentrations d'hydroxydes de sodium 

ou de potassium et est plus élevée pour des C-S-H à faible Ca/Si. Le KOH ou le NaOH 

conduit à un réarrangement structurel dans le C-S-H, augmentant la distance de 

l'interfeuillet mais aussi le nombre de couches empilées dans la direction c et raccourcissant 

les chaînes de silice. Les longueurs moyennes des chaînes (MCL) estimées à partir des 

résultats de spectroscopie (infrarouge ou Raman) correspondent bien aux tendances de la 

RMN du silicium. La comparaison avec le modèle thermodynamique CASH+ développé 

indépendamment montre une bonne concordance entre les changements observés et 

modélisés, y compris le raccourcissement de la MCL. 

Pour le C-(A-)S-H avec Ca/Si = 1, la présence d'aluminium conduit à des quantités plus 

importantes de phases secondaires, à une plus grande distance entre les couches et à une 
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chaîne silicatée plus longue. De plus, une plus grande quantité d'aluminium et de silicium 

dissous et à des concentrations de Ca plus faibles sont observées. La quantité de phases 

secondaires est réduite à un pH plus élevé; les quantités de strätlingite et de Al(OH)3 

dominent à un faible pH tandis que la quantité de katoite domine à un pH élevé. Un pH élevé 

est également associé à des plus courtes chaînes de silicate, à une augmentation des 

concentrations d'aluminium et de silicium, à un rapport maximum Al/Si dans les C-S-H et à 

des concentrations de Ca plus faibles. L'absorption d'aluminium dans C-A-S-H augmente 

avec la concentration d'aluminium en solution, indiquant la prédominance d'un mécanisme 

commun de sorption d'Al indépendant de la concentration d'Al dissous ou des valeurs de 

pH. Les données de XANES ont montré la présence de Al(IV) et de Al(VI) avec des 

environnements chimiques différents dans le C-S-H. 

L'effet du temps d'équilibration sur C-A-S-H a aussi été étudié de 6 heures à 3 ans. Des 

changements rapides au cours du premier jour ont été observés à la fois dans la phase 

solide et dans la phase aqueuse. La portlandite se forme dans tous les échantillons avec 

différents rapports Ca/Si et sa quantité diminue rapidement au cours du premier jour et reste 

stable après plus de 7 jours. Une phase zéolitique (Gismondie-P1) précipite entre 1 et 3 ans 

et déstabilise le C-A-S-H avec un rapport cible Ca/Si de 0,6. En phase solide, on observe la 

migration d'aluminium initialement dans les phases secondaires vers le C-A-S-H et une 

fraction croissante de Al(V) et Al(VI) dans le C-S-H avec le temps. Le rapport Ca/Si du C-S-

H joue un rôle important sur les changements de concentration en solution: une 

augmentation des concentrations d'aluminium avec le temps a été observée pour le C-A-S-

H avec un rapport initial Ca/Si de 0,6, tandis qu'une diminution d'aluminium a été observée 

pour le C-A-S-H avec des rapports Ca/Si plus grand que 1,0. L'absorption d'aluminium et 

de sodium dans le C-A-S-H diminue après 4 jours et 1 jour indépendamment, ce qui indique 

un réarrangement de la structure du C-A-S-H avec le temps.  

 

Mots clés : C-S-H, absorption, aluminium, alcali, temps d'équilibre, pH, Ca/Si. 
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CHAPTER 1: Introduction 

Concrete is the most used construction material globally and is irreplaceable for large 

scale buildings and transport systems [1]. Most probably concrete will continue to be 

indispensable and essential for the sustainable development of future societies. 

Cement, the integral component of concrete that gives the material its binding 

properties when hydrated, is used in vast amounts: 4.3 Gt of cement were produced 

in 2019 [2]. The total annual cement consumption is expected to grow up to 4.7 Gt/year 

by 2050 [3], considering the rising population, continuing urbanization and 

infrastructure development. Cement production is responsible for roughly 5-7% of the 

global anthropogenic CO2, and cement industry is the third largest industrial energy 

consumer [3]. More than half of the CO2 emissions from Portland cement (PC) 

production originate from the calcination of limestone (CaCO3), which is used as raw 

material for the manufacturing of clinker as shown in Figure 1.  

 

Figure 1. Energy consumption and CO2 emission from cement manufacturing [4].  

Thus reducing CO2 emissions and increasing energy efficiency and environmental 

friendliness are among the most important and urgent research topics in the cement 
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community today. One of the greatest potentials for CO2 footprint reductions in cement 

production is the (partial) replacement of clinker with appropriate supplementary 

cementitious materials (SCMs), since it lowers the CO2 emissions from the raw 

materials as well as the quantity of fuel used for cement production. An additional 

benefit of replacing PC clinker with SCMs is the utilization of industrial or agricultural 

by-products or wastes, such as ground granulated blast furnace slag (GGBFS; a by-

product of the pig-iron production), fly ash (FA; a by-product from coal-fired power 

generation), rice husk ash (an agricultural by-product from rice milling and after burning 

treatment), or glass based pozzolans (ground recycled glass) [1,5,6]. Natural 

pozzolans, such as thermally treated volcanic ashes and calcined clays containing 

metakaolin (MK), are also used as SCM. 

1.1. Portland and blended cement 

Portland cement (PC) is the most commonly used cement. PC is produced from 

heating a mixture of finely ground clay and limestone to approximate1450°C to form 

so-called clinker, which contains alite (3CaO·SiO2 or C3S in cement shorthand 

notation), belite (C2S, 2CaO·SiO2), aluminate (C3A, 3CaO·Al2O3), and ferrite (C4AxF2-

x, 4CaO·(Al2O3)x·(Fe2O3)2-x) as main components. To produce the cement, the clinker 

is ground together with some calcium sulphate to regulate the reactivity of aluminate 

phase. Once PC is mixed with water, the clinker phases and the calcium sulphate react 

to form different hydrates, such as calcium silicate hydrate (C-S-H) gel, calcium 

hydroxide (CH), ettringite (AFt) and calcium aluminium (iron) mono (AFm) phases such 

as monosulfate or monocarbonate. 

In blended cements part of the clinker is replaced by SCMs. Typical SCMs are GGBFS, 

MK, FA and silica fume (SF), which contain a higher amount of silica or alumina 

compared to Portland cement, such that the use of SCMs influences the amount and 

kind of hydrates formed, in particular the composition of C-S-H [7–9] and the amount 

of AFm phases formed. The use of SCMs in cementitious systems not only lowers CO2 

emission [5], but may also enhance the mechanical properties in the long term [6,10], 

their durability [11,12] and can help to suppress alkali silica reaction [13]. 

1.2. Calcium (aluminium) silicate hydrate 
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Calcium silicate hydrate (C-S-H) is the main hydration product in Portland and blended 

cements, and its composition greatly affects durability and mechanical properties of 

the hydrated cement. In the presence of Al-rich supplementary cementitious materials 

(SCMs), higher amounts of Al can be incorporated in C-S-H than in plain Portland 

cements [14]. C-(A-)S-H has a layered structure, with calcium oxide sheets 

sandwiched between (alumina)silicate chains in a "dreierketten" arrangement as 

shown in Figure 2. Within the silicate chains, two "pairing" silicate tetrahedra coordinate 

with Ca in the main layer, while the third tetrahedron, the bridging silica, links two pairs 

of silicate units. Aluminium has been observed to substitute silicon in the bridging sites 

[15–18]. The silicate chain length is influenced by the Ca/Si ratio as demonstrated in 

several 29Si NMR studies [18–26]. Bridging silicate tetrahedra are mainly present in C-

S-H with low Ca/Si and largely absent at high Ca/Si. Between the layers of Ca-O sheets 

and silicate chains, an interlayer region is present, which contains water molecules, 

Ca2+, and possibly alkali ions (Na+ and/or K+) [18].  

 

Figure 2 Schematic structure of C-A-S-H. Spheres of blue, golden, turquoise, yellow red and 
white colors represent Si, Al, Ca, Na, O and H respectively. The dashed circles are Si 
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tetrahedra vacancies in bridging sites. Qn: n indicates the numbers of Si tetrahedral neighbors, 
b: bridging position, p: pairing position 

The composition of C-S-H is generally defined according to the Ca/Si mol ratio, which 

is determined by the ion concentration in aqueous phase, the pH value, the presence 

of other ions, the equilibration time and the availability of water. In synthetic C-S-H in 

the presence of sufficient water, Ca/Si ranges from about 0.7 to 1.45. The minimum 

Ca/Si is limited by the presence of amorphous silica, while the maximum Ca/Si is 

limited by the precipitation of portlandite. C-S-H formed in Portland cement paste has 

a Ca/Si of about 1.7 [18]. 

The water content of C-S-H is difficult to determine precisely, since the measured 

values depend highly on the drying conditions and on the discrimination between the 

C-S-H crystal water and the gel water. H2O/Si in C-S-H has been observed to increase 

from 1.5 to 2.2, when Ca/Si increases from 0.8 to 1.45 [23,26]. 

The knowledge of C-S-H composition originates to a large extent from detailed solid 

state 29Si NMR studies, which allowed to quantify the increase of the mean silica chain 

length with decreasing Ca/Si [20,27–29]. Also FTIR and Raman spectroscopy have 

been applied to characterize C-S-H [30–33], however the band assignments of C-S-H 

are partially contradictory because of a strong overlap of spectral bands, resonance 

splitting and different factors distorting translational symmetry of real crystals (solid 

solutions involving different complex anions, alterations of different kinds of stacking of 

layer. local defects. etc.) [34].  

1.2.1. Alkali uptake in C-S-H 

The alkali concentration in the pore water of cement-based materials varies strongly 

depending on the cement composition, from ≈ 0.1 M alkali concentrations in blended 

cements to 0.3 to 0.5 M in Portland cement, and up to 1 M and even above in alkali-

activated cementitious materials [35,36]. The alkali hydroxide concentrations in the 

pore solution can affect the durability of concrete as the hydroxide concentration has 

a significant effect on the conductivity of the pore solution as well as on the 

development of the alkali silicate reaction (ASR) in concrete [37,38]. The alkali 

hydroxide concentration in solution determines the pH value and thus indirectly also 

the Ca and Si concentrations. A higher pH value will lower the dissolved Ca 

concentration and increase Si concentrations [39–42].  
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Alkali species can be incorporated into the interlayer region and adsorbed on the 

surface of C-S-H, and they are preferably incorporated in C-S-H with lower Ca/Si 

[43,44]. The alkali species are thought to compensate the negative charge of 

deprotonated silanol groups [41,43,44] together with Ca2+ in the interlayer [39,41].  

There is a lack of consensus on the selectivity of C-S-H for Na or K species. Hong and 

Glasser [43] and L'Hôpital et al. [41] observed no preference between sodium and 

potassium, while Bach et al. [39] observed a clear preference of potassium uptake 

1.2.2. Aluminium uptake in C-S-H 

The incorporation of aluminium in C-S-H has been investigated in several NMR 

studies. The substitution of aluminium occurs primarily as tetrahedrally coordinated 

Al(IV) in bridging tetrahedron. In addition to incorporation as Al(IV) into the main silicate 

chain, a considerable amount of aluminium may also occur in five-fold and octahedral 

coordination. The amount of Al(IV) in C-S-H decreases with increasing Ca/Si, where a 

higher fraction of Al(VI) is observed [15,18,28]. About 10% of Al associate with C-S-H 

is present as Al (V), independent of Ca/Si of the C-S-H.  

Al NMR studies have observed multiple Al(IV) signals in C-S-H (Figure 3) and that the 

relative intensities of some signals (Al(IV)a and Al(IV)c) increases, while Al(IV)d signal 

decreases with increasing Ca/Si, which indicates the Al(IV) in the bridging sites have 

different neighbouring cations [28,45]. 
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Figure 3. Contour plots of 27Al MQMAS NMR spectra recorded at 22.3 T (νR = 25.0 kHz) with 
sum projections in both dimensions for the C-(A)-S-H sample with Ca/Si of 1.0 and relative 27Al 
NMR intensities for the different Al(IV) sites as a function of the Ca/Si ratio. Adapted from [45] 

The nature of Al(VI) is still under debate. It has been described as third aluminate 

hydrate (TAH) phase in the C-S-H interlayer or on its surface [17,26], while a recent 

theoretical and experimental NMR study has suggested that also Al(VI) is present in 

the bridging site of C-S-H [46], which was recently confirmed by [45] by combined Al 

and Si NMR analysis.  

Al/Si in C-S-H shows a quasi linear relationship with the aluminium concentration in 

solution, as shown in Figure 4. This trend points towards an Al uptake on one or several 

types of sorption sites, with a relative high capacity of up to Al/Si > 0.2. A larger 

interlayer distance has been observed in C-A-S-H than in C-S-H [26,47]. Studies 

analysing laboratory-synthesised C-A-S-H specimens have shown that also the 

amount of secondary phases increases as the Al/Si molar ratios of the solid phase 

increase [42,48,49]. The addition of alkali hydroxide increases the pH values and 

destabilises strätlingite, aluminium hydroxide and katoite, which leads to higher 

aluminium concentrations and thus to increased aluminium uptake in C-S-H [40–

42,48]. 
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Figure 4. Effect of dissolved aluminium concentrations in the aqueous solution on the 
aluminium uptake in C-S-H [18]. 

 

1.2.3. Effect of equilibration time  

The equilibration time can influence the kind of hydrate formed in cementitious 

systems: Portlandite precipitates first and can be then consumed by reacting with Si or 

Al rich SCMs; ettringite forms in early hydration and then converts to monosulfate 

phases if the ratio of calcium sulfate to C3A is low and carbonate is absent. With 2000 

years of equilibrium, phillipsite and Al-tobermorite have been observed in Roman 

concrete [11]. Also the composition of C(-A)-S-H could be affected by the equilibration 

time. However, only a limited number of research [48–50] has looked into it. Pardal et 

al. [49] have studied the evolution of calcium, aluminium and silicon concentrations in 

the aqueous phase of C-S-H with Ca/Si 0.66 from 0.05 to 20 days but have not 

characterised the solid phase. L’Hôpital et al. [48] has studied the effect of time on C-

A-S-H with target Ca/Si=1.0, on both aqueous phase and solid phase, but only for 

relatively long equilibration times, from 30 days to 2 years. Very recently, Barzgar et 

al. [50] has studied the time effect on C-A-S-H on aqueous phase, solid phase of FTIR, 
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and the C-A-S-H solubility, however the use of two different preparation methods for 

the short-term and long-term experiments led to considerably scatter in the results.  

1.3. Secondary phases 

Portlandite  

Portlandite is a typical reaction product from Portland cement hydration [35], as the 

Ca/Si ratio of PC clinker (Ca/Si > 2.5) is much higher than which can be accommodated 

in C-S-H type phases. Portlandite contains layers of octahedrally-coordinated Ca 

bound to tetrahedrally-coordinated O atoms [51], and has a trigonal crystal structure. 

The calcium concentration in equilibrium with portlandite decreases with increasing pH 

[52].  

Hydrogarnet  

Katoite, Ca3Al2(OH)12 (C3AH6) is a major hydrate formed during the hydration of 

calcium aluminate cements [53]. It is formed in minor quantities in Portland cement 

hydrated at ambient temperatures rather hydrogarnet containing iron and silica is 

formed [51,54]. Hydrogarnet (Ca3(Al,Fe)2(SiO4)y(OH)4(3−y); 0<y<3) includes a group of 

minerals where the OH− are partially or completely replaced by [SiO4]4− tetrahedra. The 

Al-containing hydrogarnet includes hydrogrossular (Ca3Al2(SiO4)y(OH)4(3−y); 0<y<3)) 

with the end member katoite (Ca3Al2(OH)12 or C3AH6 in cement notation [53]. 

Substitution of [SiO4]4− for 4OH− causes expansion of the unit cell volume [52,55]. 

Katoite has been identified in alkali activated cements [56], and MK blended cements 

cured at 60 °C [57]. It has reported by Dilnesa et al. [53] that in the CaO-Al2O3-SiO2-

H2O system at 20 °C, hydrogarnet with Si is not formed but only C3AH6 and C–A–S–H 

precipitate, which indicates the formation of iron-free hydrogrossular is kinetically 

hindered at room temperature. 

AFm/AFt  

Al2O3-Fe2O3-mono and -tri phases (AFm and AFt, respectively), are hydration products 

of PC. AFm phases have a layered double hydroxide (LDH) type structure. The main 

portlandite like layer contains Al3+ or Fe3+ substitutions. The excess positive charge is 

balanced by an interlayer containing anions and H2O. The typical anions in AFm 

phases are OH- (C4AHx, where x depends on the relative humidity [51], and occurs 
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naturally as the mineral hydrocalumite [58]), SO4
2- (monosulfate: C4AsH12), CO3

2- 

(monocarbonate: C4AcH11) and AlSi(OH)8
- (strätlingite: C2ASH8).  

Zeolites  

Zeolites or zeolitic precursors are occasionally observed to form at high bulk Al content 

in laboratory-synthesized C-(N-)A-S-H samples (e.g. heulandite，CAS7H1.7) [17], in 

alkali activated cements (e.g. gismondine, CAS2H4) [59]. They have been identified in 

extremely long-term hydrated Roman concrete (e.g. phillipsite, chabazite) [11] and are 

also observed in hydrated cements with low Ca content, such as alkali-activated 

metakaolin/GBFS cements [59]. Zeolites are structural analogues of the alkali 

aluminosilicate (hydrate) (N-A-S(-H)) gels formed through alkali-activation of low-Ca 

precursors such as metakaolin and fly ash [60]. 

1.4. Objectives of the thesis 

This PhD thesis aims to investigate the effect of alkali hydroxide, aluminium uptake 

and equilibration time in C-A-S-H in-depth by combining the aqueous phase 

measurements and solid phase characterization, including TGA, XRD, spectroscopy 

methods (FTIR, Raman, NMR and XANES). This thesis had been part of a larger 

project, in which dedicated NMR spectroscopic investigations (thesis of S.-Y. Yang) 

had been conducted in addition to detailed experimental investigation of the solubility 

and structure of C-S-H in two parallel PhDs (thesis of S. Barzgar and the present 

thesis) and an extended C-A-S-H thermodynamic solid solution model had been 

developed by D. Miron.  

In this thesis, systematic experimental data has been obtained from co-precipitation 

experiments, and the composition, structure and solubility of synthetic C-(A-)S-H has 

been determined. C-S-H with different Ca/Si ratios and synthesized in different alkali 

species and alkali hydroxide concentrations are studied in order to determine the 

relations between Ca/Si ratios, pH, alkali species and alkali uptake in C-S-H as well as 

to have a strong experimental database to contribute to the developing thermodynamic 

model. C-A-S-H with different Al/Si ratios and synthesized in different alkali species 

and alkali concentrations are also studied in order to understand the relations between 

aqueous phase concentration, pH and Al uptake in C-S-H. In addition, Al uptake in C-



Chapter 1: Introduction 
 

 

27 
 

S-H on different equilibration time from 6 hours to 3 years has been studied to fill the 

gaps of C-A-S-H formation kinetics.  

The objectives of the current study can be summarized as follows: 

1. To explain the interplay between aqueous concentrations and C-S-H composition 

and the influence of KOH and NaOH, and more specifically to study the C-S-H structure 

by a range of spectroscopic methods and powder X-ray diffraction as well as by 

comparison to a newly developed thermodynamic model for C-S-H with aluminium and 

alkali, the CASH+ model [61–63]. Based on detailed comparison of NMR, FTIR and 

Raman spectra we aimed to establish FTIR and Raman spectroscopy as tools to 

quantify the silica connectivity and the mean chain length of C-A-S-H (Chapter 3). 

2. To understand the interaction between aluminium, alkali hydroxides in solution, the 

structure of C-A-S-H and aluminium uptake by C-A-S-H. The effect of Al and pH on C-

S-H structure was determined by XRD and spectroscopic methods as well as by 

comparison to the thermodynamic CASH+ model [61–63] as detailed in Chapter 4. 

3. To get in-depth knowledge about the kinetics of C-A-S-H formation and the 

precipitation of secondary phases, chemical evolution of the aqueous phase, C-A-S-H 

structure and composition evolution, as well as short- and long-term thermodynamic 

stability of C-A-S-H and secondary phases as summarised in Chapter 5.  

In addition to the three main chapters summarising my results, I have also participated 

in different research projects on calcium silicate hydrates during the last four years, 

which were not included in the thesis:  

Together with Ellina Bernard, we quantified the effective cation exchange capacity of 

calcium silicate hydrates and found that the effective cation exchange capacity (CEC) 

decreased at higher Ca/Si in C-S-H [64]. Around 10% of Ca2+ are located at 

exchangeable sites at low Ca/Si (0.8), while at high Ca/Si (1.6), most of Ca2+ are not 

exchangeable. In contrast, Na+ was present only at exchangeable sites.  

With Sheng-Yu Yang the incorporation of sodium and aluminium in C‑(A)-S‑H phases 

was studied by 23Na, 27Al, and 29Si MAS NMR spectroscopy [45] : six fold-coordinated 

and four fold-coordinated Al is observed to present in the bridging sites of the silicate 

chains.  
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Together with Barbara Lothenbach and Daniel Jansen I studied the solubility and 

characterised synthesized Al-tobermorite [65] with Al/(Al+Si) = 0.1. A preferential 

uptake of Al in the branching sites of the silica chains was observed.  
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CHAPTER 2: Materials and methods 

2.1. Materials and Synthesis  

Starting materials of calcium oxide (CaO), silica fume (SiO2) and calcium aluminate 

(CA: CaO·Al2O3) were obtained or chosen following the procedure described in detail 

in L'Hôpital et al. [26]. The CA contains 99.4% CA and 0.6% C12A7 as determined by 

X-ray diffraction and Rietveld refinement analysis using X’Pert HighScore Plus. 

In this thesis, all the synthesis were conducted by a one-step protocol where 

appropriate quantities of CaO, SiO2 and CA were equilibrated in water, NaOH or KOH 

solutions with concentrations of 0, 0.1, 0.5 or 1 M at a water/solid ratio of 45 in 180 mL 

or water/solid ratio of 40 in 260 mL containers.  

The targeted molar Ca/Si ratio were Ca/Sitarget
 = 0.6, 0.8, 1.0, 1.2, 1.4 and 1.6; the 

targeted molar Al/Si ratio were Al/Sitarget
 = 0, 0.01, 0.03, 0.05, 0.1, 0.15, 0.2. The C-A-

S-H samples were equilibrated for 0.25 day to 3 years. For more details about 

composition, see Appendix A. 

The sample preparation, filtration and washing were following the procedure described 

in detail in L'Hôpital et al. [26]. The samples were freeze-dried for 7 days and then 

stored in N2 filled desiccators in the presence of saturated CaCl2 solutions (RH ≈ 30%) 

and NaOH as CO2 trap [26].  

For the short-term experiments shown in chapter 5, C-A-S-H samples with Ca/Si ratios 

of 0.6 to 1.6 and 0.5 M NaOH were synthesized. After equilibrated for 6 hours, 1 day, 

3 days, 7 days, 14 days, 28 days and 90 day, 30 mL of total 260 mL homogeneously 

stirred suspension was filtrated by nylon filter. 

 

2.2. Analytical methods 

2.2.1. Ionic chromatography (IC) and pH measurements 

The composition of the liquid phase was analyzed by ion chromatography (IC) as soon 

as possible after filtration in solutions diluted by factor 10, 100 and 1000 with MilliQ 

water to avoid any carbonation or/and precipitation. The concentrations of Ca, Na, K, 

Al and Si were quantified using a Dionex DP series ICS-3000 ionic chromatography 
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system. Independent measurements of solutions with known compositions indicated a 

measurement error of ≤ 10%. 

The pH measurements were carried out in a not-diluted fraction of the solution with a 

Knick pH meter (pHMeter 766) equipped with a Knick SE100 electrode. The pH 

electrode was calibrated against NaOH or KOH solutions of known concentrations to 

minimize alkali error using the method detailed in [66]. The pH were measured at 

laboratory temperature (23 to 24°C) and corrected to 20 °C by adding +0.1 pH unit to 

take into account the effect of temperature on the pH measurement [48]. 

2.2.2. Thermogravimetric analyses (TGA) 

Thermogravimetric analyses (TGA) were conducted on ground powder (~20–30 mg) 

under nitrogen atmosphere at a heating rate of 20°C/min from 30 to 980°C with a 

Mettler Toledo TGA/SDTA 8513 instrument. Mass losses between 30 °C and ~ 600 °C 

were assigned to dehydration and dehydroxylation of C-(N, K-)S-H and portlandite 

during heating. Portlandite was quantified based on the weight loss between ~ 350 and 

~ 600 °C using the tangential method [67]. Quantification of portlandite by TGA instead 

of XRD Rietveld analysis was preferred due to the possible presence of nano-

crystalline portlandite at high alkali concentrations. 

2.2.3. X-ray diffractometry (XRD) 

Powder X-ray diffraction (XRD) data were collected using a PANalytical X'Pert Pro 

MPD diffractometer equipped with rotating sample stage in a θ-2θ configuration 

applying Cu radiation (λ=1.54 Å) at 40 mV voltage and 40 mA, with steps of 0.019° 2θ 

with a fixed divergence slit size and an anti-scattering slit on the incident beam of 0.25° 

and 0.5° 2θ. The samples were scanned between 5° and 70° 2θ with an X'Celerator 

detector. Profile fittings are conducted to calculate the d-spacing and the full width at 

half maximum (FWHM) of the (001) reflection of C-S-H. The diffraction profiles were 

calculated with Pseudo-Voigt function using the software package Highscore Plus V 

3.0e. The observed reflections could all be assigned based on the Powder Diffraction 

File for portlandite (PDF# 00-044-1481) and tobermorite MDO2 (11 Å structure) from 

Merlino et al. [68] for C-S-H. In the case of C-S-H with targeted Ca/Si = 1.0 and 

synthesized in 1.0 M KOH, an additional impurity phase of K2CO3·1.5H2O (PDF# 00-

011-0655) was present.  
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The domain sizes, referred to as crystallite sizes, were calculated by fitting the C-S-H 

powder XRD patterns using Pawley refinements in Topas [69] with the starting unit 

cells of tobermorite 11 Å (a = 6.732(2) Å, b = 7.369(1) Å, c = 22.680(4) Å, γ = 

123.18(1)°, space group B11m) or 14 Å (a = 6.735(2) Å, b = 7.425(2) Å, c = 27.987(5) 

Å, γ = 123.25(1)°, space group B11b) [68,70]. A standard sample of CaF2 was used to 

account for the instrumental peak broadening. The peak profile parameters, taken from 

the CaF2 refinement, were kept fixed for all the C-S-H samples. The additional 

anisotropic peak broadening arising from the sample as a consequence of different 

crystallite sizes was refined using the AnisoCS macro [71] where two peak broadening 

terms were refined: one along the a- and b-axes, and one along the c-direction. In the 

case of 1.0 M NaOH concentration, two tobermorite phases with different c lattice 

parameters and different domain size along the c-axis were refined to account for the 

double d001 reflection. All other unit cell parameters and the crystallite size along the 

ab-directions were kept identical between the two phases. 

2.2.4. Nuclear magnetic resonance (NMR) 

The 29Si MAS NMR spectra were acquired on a Bruker-400 (9.39 T) spectrometer 

using a Bruker 1H - X 4 mm MAS probe and a spinning speed of νR = 10.0 kHz. The 

spectra used single-pulse excitation with a pulse length of 1.75 µs for an rf field strength 

of B1/2 = 71 kHz, a recycle delay of 30 s, and 2048 scans. The 29Si chemical shifts 

are referenced to tetramethylsilane (TMS), using an external sample of belite, β-

Ca2SiO3, at -71.33 ppm as a secondary reference[72]. 

Deconvolutions were carried out with the dmfit software [73]. The peak shapes were 
constraint with Lorentzian/Gaussian ratio = 0.5, FWHM ≤ 3.0 ppm for all resonances, 
following the description in ref. [45]. The structure of the dreierketten silica chains was 

respected by keeping two pairing tetrahedra (   
 ) for one bridging tetrahedron, 

𝐼   
  /𝐼   

  = 2  (with 𝐼   
  = 𝐼   𝑎

  + 𝐼    
  ). The   𝑎

  and    
  assignments are 

discussed in detail in Yang et al. [45]. The   𝑎
  resonance is located at ~ -85 ppm and 

the    
  peak at ~ -88 ppm.    

  is only observed for C-S-H samples with Ca/Si < 1.0, 

which indicates that the chemical environment of   𝑎
  and    

  is different. The main 

chain length (MCL) were calculated using the equation: 

𝑀𝐶𝐿 =
  𝑄1+𝑄𝑝

2+𝑄𝑏
2 

𝑄1                                                                                                                         Eq. 1 

27Al MAS NMR measurements were carried out on a Bruker Advance III NMR 

spectrometer using a 2.5 mm CP/MAS probe. The single-pulse experiments for 27Al 

MAS NMR were recorded with 104.26 MHz. The parameters used in the present study 

are 20 kHz spinning speed, 4000 scans, π/12 pulses of 1ms without 1H decoupling, 
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and 1 s relaxation delays. In order to reference the chemical shifts of the 27Al MAS 

NMR spectra, 1.0 mol/l AlCl3⋅6H2O solution was used at 0 ppm. The 27Al NMR 

deconvolutions were also conducted with the dmfit software [73]. The peak shape of 

Al(VI) signal at ~ -11 ppm was constraint with a Lorentzian/Gaussian ratio = 1.0. The 

Czjzek model was used for the deconvolution of Al(IVI), Al(V) and Al(VI) in C-A-S-H, 

as outlined in detail in [74]. 

2.2.5. Fourier Transformation-Infrared (FTIR)  

Attenuated total reflectance (ATR) Fourier Transformation-Infrared (FTIR) spectra 

were collected by averaging 32 scans measured on a Bruker Tensor 27 FTIR 

spectrometer by transmittance between 340 and 4000 cm−1 at a resolution of 4 cm−1 

on ~3 mg of powder. The IR spectral data obtained were preprocessed using the 

software package OPUS (Bruker Optics GmbH, Ettlingen, Germany). Baseline 

correction and normalization to the intensity of the peak at around 950 cm-1 were 

applied to every recorded spectrum 

2.2.6. Raman spectroscopy  

The Raman spectra of chapter 3 were recorded using a Raman Bruker Senterra 

microscope equipped with a Peltier-cooled CCD detector and a 20mW laser. The 

software Opus 6.5 was used to analyse the spectra. A lens with a magnification of 50x 

and a green laser with a wavelength of 532 nm were used. The integration time was 

10 s and each spectrum was recorded two times at spectrum resolution of 3-5 cm-1. 

The spectra were background corrected and normalized based on the intensity of the 

peak at around 670 cm-1. 

Raman spectra of chapter 4 were recorded using a WITec Alpha 300 R confocal 

Raman microscope in backscattering geometry. A diode-pumped green laser with a 

wavelength of 532 nm laser was used in combination with a 50 × objective lens. The 

Rayleigh scattered light was blocked by an edge filter. The backscattered light was 

coupled to a 400 mm lens-based spectrometer with a grating of 300 g/mm equipped 

with a cooled deep-depletion CCD. The laser power was set to 20 mW. The C-A-S-H 

powders were analyzed using quartz glass papillary tubes with a 2.0 mm out diameter 

and 0.01 mm wall thickness. Raman spectra of the sample filled and empty tubes were 

recorded, with the spectrum of the empty tube being subsequently subtracted. Each 

C-A-S-H phase was measured and averaged at 10 spots with an exposition of 10 s 
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and 10 accumulations for each spectrum. Spectral analysis, including glass tube signal 

subtraction, individual baseline correction, spectra average and smoothing, was 

conducted using Spectragryph [75].  

2.2.7. Aluminum K-edge (1559 eV) XANES measurements  

Aluminum K-edge (1559 eV) XANES measurements were conducted at the Phoenix 

II, elliptical undulator beamline at the Swiss Light Source (SLS), Paul Scherrer Institute 

(PSI), Villigen, Switzerland. Energy selection, X-ray energy calibration, sample 

preparation and measurement were followed as described in [76] 

Data integration, reduction, and correction (e.g., fluorescence self-absorption) of X-ray 

absorption near edge structure (XANES) spectra were performed using the Demeter 

software package [77]. Al K-edge XANES spectra of samples were interpreted by 

iterative-target transformation factor analysis (ITFA) to quantify the proportions of Al-

containing components [78]. FEFF8.4 [79] was employed to calculate the theoretical 

Al K-edge XANES spectra of representative Al coordination environments (tetrahedral 

AlO4 in bridging site v.s. octahedral AlO6 in interlayer) in C-A-S-H; the corresponding 

atomic structures were generated using Material Studio (MS) software V7.0.   

2.2.8. C-S-H composition 

The effective Ca/Si and effective Al/Si in C-S-H (Ca/SiC-S-H and Al/SiC-S-H) was obtained 

by mass-balance calculations, considering the initial amount of CaO, CA and SiO2 in 

the system, the amount of other solids present as well as the fraction of SiO2 Al2O3 and 

CaO in solution following the procedure outlined in [48]. 

The amount of alkalis bound in the solid was determined following the direct method 

(i.e. complete re-dissolution of 20 mg of washed and dried C-S-H phase in 10 mL 100 

mM HCl). The total amount in the solid was obtained from the measured Ca, Na and 

K concentrations in the HCl solution as detailed in [41]. The amount of alkali was also 

obtained indirectly from mass balance calculations using the total amount of alkalis 

present minus the fraction which remained in the equilibrium solution. This indirect 

method gives comparable results to the direct method up to 0.1 M NaOH and KOH 

(see also [41]). At higher alkali concentrations, however, the indirect method fails as 

the deduction of high measured concentrations to obtain a small amount of absorbed 

alkali ions results in too large errors to allow any meaningful conclusions.  
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The incorporation of Al into C-S-H phases can also be expressed in terms of a Kd value 

(distribution coefficient) , to quantify the relative affinity for Al to sorb to C-S-H [80]. The 

Kd values were calculated according to: 

𝐾𝑑 = 
𝐶𝑠,𝑒𝑞

𝐶𝑙,𝑒𝑞
 ≈  

(𝐶0  −  𝐶𝑙,𝑒𝑞)

𝐶𝑙,𝑒𝑞
×

𝑉

𝑀
 (

𝑚3

𝑘𝑔
)                                                                             𝐸𝑞. 2   

where Cs,eq is the equilibrium Al concentration sorbed to C-S-H phases [mol/kg] and 

Cl,eq  is the equilibrium concentration in solution [mol/m3]. The difference between the 

initial Al concentration in suspension (C0) and the concentration determined in the 

filtrated supernatant (Cl,eq) corresponds to sorbed Al. M is the dry weight of the C–S–

H phase [kg], and V is the volume of solution [m3]. 

2.2.9. Thermodynamic modelling 

Thermodynamic modelling was carried out with the Gibbs free energy minimization 

program GEM-Selektor v3.7 [81]. GEMS is geochemical modelling code that computes 

equilibrium speciation of dissolved species and stable solid phases composition using 

Gibbs free energy minimization algorithms. The thermodynamic data for aqueous, 

gaseous phases, portlandite and amorphous SiO2 were taken from the PSI-Nagra 

thermodynamic database [82], microcrystalline Al(OH)3, strätlingite, C-S-H and katoite 

was taken from the Cemdata18 database [83], the zeolites chabazite 

(CaAl2Si4O12·6H2O) from [84] and gismondine-P1 (Na6Al6Si10O32·12H2O) from [85].  

C-S-H and alkali uptake was modelled using the recently developed CASH+ 

thermodynamic model [61–63], which had been parameterized against experimental 

data independent of this study. The formation of the CaSiO2(OH)2
0 was described 

using a formation constant of log K = 4.0 for the equation Ca2+ + SiO2(OH)2
2- ↔ 

CaSiO2(OH)2
0 [61] instead of the log K of 4.6 from [82]. 

Ion activity products (IAP) for C-(A-)S-H and saturation indices (SI) for relevant solid 

phases were calculated from experimentally measured concentrations. Activity 

coefficients were calculated using the extended Debye-Hückel equation in Truesdell–

Jones form with common ion-size parameter 𝑎𝑖=3.31 Å for NaOH solutions and third 

parameter by = 0.098 kg/mol; for KOH 𝑎𝑖 =3.67 Å and by = 0.123 kg/mol [86].   
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CHAPTER 3: Effect of alkali hydroxide on calcium silicate hydrate 

(C-S-H)1  

3.1. Introduction 

The alkali concentration in cement-based materials varies strongly depending on the 

cement composition. In the pore solution of blended cements and low alkali cements, 

≈ 0.1 M alkali concentrations can be observed, while in most Portland cements alkali 

concentrations are between 0.3 to 0.5 M, and up to 1 M and even above in alkali-

activated cementitious materials [35,36]. The alkali hydroxide concentrations in the 

pore solution can affect the durability of concrete as the hydroxide concentration has 

a significant effect on the conductivity of the pore solution as well as on the 

development of the alkali silicate reaction (ASR) in concrete [37,38].  

The alkali hydroxide concentration in solution determines the pH value and thus 

indirectly also the Ca and Si concentrations. A higher pH value will lower the dissolved 

Ca concentration and increase Si concentrations [39–42]. The alkali uptake in C-S-H 

is strongly influenced by the dissolved alkali concentration and Ca/Si of C-S-H. The 

alkali species are incorporated into the interlayer and on the surface via a charge 

balance mechanism [16,39,41,42,87]. The silicate chains are negatively charged, 

depending on pH, which can be compensated by cations, i.e. Ca2+, H3O+ and Na+ or 

K+ [64]. The higher the pH value, the higher is the negative charge [87–90]. Bivalent 

cations such as calcium are strongly preferred compared to monovalent sodium or 

potassium due to stronger electrostatic interaction [87,90]. Thus less alkalis are taken 

up at higher Ca/Si, as the alkali ions compete with calcium ions to compensate the 

negative surface charge of C-S-H. The maximum Na/Si and K/Si reported in the 

literature are in the range of 0.3-0.7 at Ca/SiC-S-H < 1.0 [41,42,44,91]. Different 

approaches are reported in the literature to model thermodynamically the equilibrium 

between C-S-H and solution as discussed in detail in [18], although only few models 

are able to describe the incorporation of alkalis in C-S-H. High alkali concentrations 

result in a shorter mean silica chain length and larger interlayer distances [41,42]. In 

                                            
1  This chapter has been published as: Y. Yan, S.Y. Yang, G.D. Miron, I.E. Collings, E. 
L’Hôpital, J. Skibsted, F. Winnefeld, K. Scrivener, B. Lothenbach, Effect of alkali hydroxide on 
calcium silicate hydrate (C-S-H), Cem. Concr. Res. 151 (2022). 
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addition, the uptake of alkalis in the interlayer and the surface shifts the 29Si NMR 

resonances to less negative values [41,42,92].  

However, the interplay between alkali hydroxides in solution, the structure of C-S-H 

and alkali binding by C-S-H is still not fully understood, as most studies focus either on 

the study of aqueous concentrations [43] or on the characterization of the solid phases 

[92]. Moreover, there are important discrepancies among the results reported, some 

research observed a preference of K compared to Na uptake in synthetic C-S-H 

[39,93–95], while some found a higher sorption of Na than K in hydrated Portland 

cement [96], and other studies showed no significant difference between Na and K 

uptake in synthetic C-S-H [41–44,97]. The discrepancies indicate either that a large 

experimental error is associated with the alkali uptake measurements and/or different 

mechanisms are responsible for the alkali uptake in C-S-H depending on Ca/Si, 

equilibration time or the experimental procedure. 

The present chapter aims to explain the interplay between aqueous concentrations 

and C-S-H composition and the influence of KOH and NaOH, and more specifically to 

study the C-S-H structure by a range of spectroscopic methods and powder X-ray 

diffraction as well as by comparison to a newly developed thermodynamic model for 

C-S-H with alkali, the CASH+ model [61,62]. 

 

3.2. Results and discussion 

3.2.1. Effect of Ca/Si on liquid and solid phase composition 

The Ca/Si ratio affects greatly the composition of the equilibrium solutions in the 

absence of alkali hydroxides as shown in Figure 5, where changes of Ca, Si and OH- 

concentrations are plotted as a function of the Ca/Si in C-S-H. The Ca/Si in C-S-H 

(Ca/SiC-S-H) varies between ≈ 0.75-1.44 for Ca/Sitarget from 0.6 to 1.6, as at very low 

Ca/Sitarget amorphous silica precipitates in addition to C-S-H and at high Ca/Sitarget 

portlandite [18]. At low Ca/Sitarget, the Si and Ca concentrations are in the mM range; 

the silicon concentrations decrease down to 0.004 mM at high Ca/Sitarget, while Ca 

concentrations increase up to 21 mM in the presence of portlandite. The measured 

trends and concentrations agree well with other observations reported in the literature 

as summarized in e.g. the recent review of Walker et al.[98], and with the changes 
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modelled by using the CASH+ thermodynamic model [61], although the model 

somewhat underestimates the Ca and overestimates the Si concentrations. At the 

lowest total Ca/Sitarget  of 0.6, the thermodynamic model predicts in addition to low 

Ca/SiC-S-H C-S-H the presence of a small amount of amorphous SiO2 (16% of the total 

silica present in the sample).  

   

Figure 5 Concentrations of Ca, Si and OH- in solutions equilibrated with C-S-H samples as a 
function of the Ca/Si ratios in C-S-H. Yellow triangles: OH-, red squares: Ca and blue circles: 
Si. Solid lines: simulated using the thermodynamic CASH+ model [61,62]. The estimated 
absolute errors of Ca/SiC-S-H are smaller than ±0.05 units in the Ca/Si ratios. The estimated 
relative uncertainty of the IC measurements is ±10%, which is smaller than the size of the 
symbols. 

C-S-H is the main solid phase observed for every targeted Ca/Si. In addition to C-S-H, 

portlandite is precipitated at Ca/Sitarget=1.6 (see Figure 6 (a)), while amorphous SiO2 is 

observed at Ca/Sitarget =0.6 resulting in effective Ca/SiC-S-H of 0.75 to 1.44. All aqueous 

concentrations, the effective C-S-H composition and the amount of minor phases are 

reported in Table 9 and Table 14. A closer inspection of the XRD diffractograms 

summarized in Figure 6 (a) shows that for high Ca C-S-H the lowest-angle diffraction 
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peak (d001), indicating the basal spacing of C-S-H, is more distinct and that the 

interlayer distances are getting smaller. The decrease in basal spacing could be related 

to the charge balancing effect of Ca2+ in the C-S-H interlayer, which may increase the 

attractive force between the negatively charged main layers [99]. The broad reflection 

at ~ 17° 2θ ( d-spacing ~ 5 Å), which has been assigned to a d101 signal and indicates 

occupation of bridging Si-sites [100], is well visible at low Ca/SiC-S-H, where the bridging 

silica are present and absent at high Ca/SiC-S-H, where the bridging sites are empty, 

which has also been observed in XRD studies on C-S-H [100]. The tendency is in 

agreement with 29Si NMR studies (e.g. [26], Figure 6 (b)). 

The NMR spectra in Figure 6 (b) show resonances between -75 to -90 ppm, which are 

simulated using four resonances with chemical shifts (𝛿𝑖𝑠𝑜) of ~-79 ppm (chain-end 

sites,    , -82 ppm (bridging sites   
 ), -85 ppm and -87 ppm (paired sites,   𝑎

 , and 

   
 ) with the restriction that the intensities fulfill the condition, [𝐼(  𝑎

 ) + 𝐼(   
 )]/

𝐼   
  = 2 imposed by the dreierketten model, as discussed in detail by Yang et al. [45]. 

In C-S-H with low Ca/SiC-S-H, mainly Q2 sites are present indicating the predominance 

of connected silicate chains and a small number of Q1 groups from the end of the silica 

chain. The Q1 intensity increases with Ca/Si such that at Ca/SiC-S-H = 1.30 and 1.44 

mainly dimers (Q1 species) are observed, in agreement with the previous observations 

[19–22,24,26,42]. The decrease of Q2 and increase of Q1 species leads to a decrease 

of the mean chain length from 76± 15 at Ca/SiC-S-H = 0.75 to 2.5 ± 0.1 at high Ca/SiC-S-

H (see Table 1). The MCL values at low Ca/Si are somewhat larger than those derived 

earlier for similar samples, which varied from 20 - 37 [20,24–26]. This may reflect 

differences in equilibration time during synthesis and the fact that the precision in MCL 

is very sensitive to small intensity variations at low values for the Q1 intensities (see 

Eq. (1)).     

Figure 6 (c and d) show the FTIR and Raman spectra of C-S-H. Since the Si-O bonds 

are the strongest bonds in the structure with a covalent character, different types of Si-

O can be recognized in the infrared spectra; the position of transmittance bands is 

affected slightly by the ions in the second coordination sphere [101]. From 400 cm-1 to 

800 cm-1, the spectra have contributions from bending vibrations of the O-Si-O groups 

in the dreierketten chains and from water librations, while the bands in the region 800-

1200 cm-1 are due to stretching vibration of Si-O [34,102].  
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In FTIR the bending vibrations at wavenumbers from 500 to 800 cm-1 can be 

considered as a "fingerprint region" sensitive to the composition and the topological 

features of the tetrahedral frameworks [34]. The bands observed are consistent with 

the FTIR spectra of C-S-H at different Ca/Si reported e.g. in Yu et al. [33]. The bands 

from 400 to 550 cm-1 are assigned to deformations of Si tetrahedra [33,102]; the 

intensity of the shoulder at 480 cm-1 increases clearly with Ca/SiC-S-H, which indicates 

there is also a Q1 signal hidden under it. The band at 670 cm-1 has been related to Si-

O-Si (O-Si-O) bending [33,102] and water librations [102] and shows little variation 

upon an increase of Ca/SiC-S-H. The signal at 810 cm-1 is related to Si-O stretching of 

Q1 tetrahedra [33]. The strong increase of its intensity at high Ca/SiC-S-H agrees well 

with the increase of the Q1 signal reported from Si-NMR studies [25,48] and Figure 6 

(b). At 960 cm-1 the main peak is observed and is associated with Si-O stretching 

modes [102]. An increase of the Ca/SiC-S-H leads to a shift to lower wavenumber (940 

cm-1), indicating progressive depolymerisation of the silicate chains. A shoulder on the 

low-frequency side of the Q1 signal marked as * is also detected in C-S-H with Ca/SiC-

S-H from 1.16 to 1.44, while no literature was found to give interpretation of this signal. 

The main peak of the FTIR spectra located between 940 to 960 cm-1 has often been 

assigned in the literature to Q2 vibrations [31,33,103,104], however, its predominance 

for all Ca/SiC-S-H and the observed shift indicate rather that the band observed is 

composed of several overlying vibrations including a Q2 signal at ≈ 960 cm-1 [105], 

which results in the observed shift to higher wavenumbers for low Ca/SiC-S-H. A 

shoulder on the low-frequency side of the main peak located at ≈ 930 cm-1 detected in 

C-S-H with Ca/SiC-S-H from 0.67 to 0.98 is interpreted as Q 
  due to Si-O stretching 

modes within OH-SiCa configurations in the bridging tetrahedron [102]. A shoulder on 

the high-frequency side located at ≈1050 cm-1 is also detected arising at increased 

Ca/SiC-S-H and interpreted as Si-O stretching including Si-O stretching in Q 
  [102]. 

The Raman spectra in Figure 6 (d) also provide vibrational information; the strongest 

vibrational modes active in Raman are those that related to the greatest polarizability; 

symmetric vibrational modes are most Raman active. From 150 cm-1 to 400 cm-1, the 

spectra have contributions from Ca2+ motions in the region < 250 cm-1 [106] and the 

lattice vibrations of Ca-O at 316-333 cm-1 [107]. The intensity of the Ca-O band 

increases with increasing Ca/SiC-S-H and shifts from 316 cm-1 at Ca/SiC-S-H = 0.75 to 333 

cm-1 at Ca/SiC-S-H = 1.44. A small shoulder 350 cm-1 appears at Ca/SiC-S-H = 1.44, which 
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is assigned to portlandite [28,107]. A major band at 445 cm-1 is assigned to internal 

deformation of the Si-tetrahedra [106] or to O-Si-O bending [107]; its intensity increases 

with Ca/Si. The main Si-O-Si symmetrical bending peak at ~675-680 cm-1 broadens 

with increasing Ca/SiC-S-H, which agrees with the study of Garbev et al. [107]. The peak 

has been assigned to Q2 symmetrical bending [106,107], however, as this peak is 

dominant both at high and low Ca/SiC-S-H, further vibrations not related to Q2 species 

contribute to this signal. The Si-O silicate symmetrical stretching (SS) band at ~870-

900 cm-1 is assigned to SS Q1; its intensity increases strongly with Ca/Si and thus the 

fraction of Q1 species present. The band at 950-1010 cm-1 has been assigned to SS 

Q2 [22,106–108], however, as its intensity does not decrease at higher Ca/SiC-S-H, a 

number of other vibrations seem to contribute. The peaks located at 1080 cm-1 are 

attributed to the C-O SS vibrations [28,106,107,109] and are identified in every 

spectrum as Raman is very sensitive to even small CO2 contaminations.  
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Figure 6. (a) XRD diffractograms of the C-S-H samples synthesized in water and C-S-H 
schema for C-S-H with low Ca and high Ca. (b) 29Si NMR spectra, (c) FTIR and (d) Raman 
spectra of C-S-H with Ca/SiC-S-H from 0.75 to 1.44, after an equilibration time of 3 months. 
C: C-(K-)S-H; P: portlandite. 

Table 1 Secondary phase quantification and mean silica chain length (MCL) of C-S-H samples 
without alkali 

Ca/Sitarget  
Ca/SiC-S-H SiO2 amorphous 

(wt. %)a 
Portlandite 
(wt. %)b MCLa 

0.6 0.75 ± 0.05 10 ± 2 0 76 ± 15 
0.8 0.88 ± 0.03 4.0 ± 1.0 0 27 ± 7 
1.0 0.98 ± 0.01 0 0 9.1 ± 1.3 
1.2 1.16 ± 0.01 0 0 3.5 ± 0.2 
1.4 1.30 ± 0.01 0 0 2.55 ± 0.10 
1.6 1.44 ± 0.02 0 0.9 ± 0.1 2.56 ± 0.10 

a Amorphous SiO2 and MCL quantified from 29Si NMR. b Portlandite quantified by TGA.  

 

The mean silicate chain length (MCL) calculated from FTIR and Raman as well as 

thermodynamic CASH+ models are compared with values from 29Si NMR as illustrated 

in Figure 7. The CASH+ model shows the same trends but a somewhat weaker 

increase of MCL at low Ca/Si, which is related to higher MCL observed in the present 

study. The MCL of FTIR and Raman are calculated based on the peak area ratio of 

the Q1 signal at ~810 and the main peak at ~960 cm-1 from FTIR, and Q1 signal at ~880 

and the main peak at 670 cm-1 from Raman. The MCL calculated from FTIR, Raman, 

and NMR decreases as the Ca/SiC-S-H increases, confirming agreement among the 

different spectroscopic methods. For C-S-H with every Ca/SiC-S-H, FTIR overestimates 

the MCL because the IR spectrum in the main peak region contains very complicated 
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series of overlapping bands. Raman shows better agreement with the NMR 

quantification because the peaks are more separated but for C-S-H with Ca/SiC-S-H = 

0.75, the signal to noise ratio is lower than the others, which makes the quantification 

error larger. For C-S-H with Ca/SiC-S-H > 1.0, dimers dominate in C-S-H so the MCL is 

around 2.5. The difference of MCL from FTIR, Raman and NMR is smaller when 

Ca/SiC-S--H is above 1.15, but the calculation of Q1 species shows a much greater 

difference as shown in Figure 43, while this is not well visible in Figure 7.  

 

Figure 7 Silicate main chain length determined by FTIR, Raman, 29Si NMR, and 
thermodynamic CASH+ model.  

 

3.2.2. Effect of NaOH / KOH on the aqueous phase 

In the absence of KOH or NaOH, the measured aqueous Ca concentrations and pH 

values increase with rising Ca/Sisolid, while the Si concentrations decrease as shown in 

Figure 5. Figure 8 illustrates that the presence of NaOH or KOH leads to higher pH 

values and silica concentrations, but lower Ca concentrations; no significant difference 

was observed between NaOH and KOH. The measured concentrations are consistent 

with existing solubility measurements in the CaO-Na2O3 Na2O/K2O-SiO2-H2O systems 
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between 20 to 25 °C [24,41,42,48,110–112], which all show comparable trends in 

dissolved Si, Ca and pH values with respect to the bulk alkali content and Ca/Si ratio.  

In the presence of KOH and NaOH, the dissolved Si and Ca concentrations show 

similar trends as in their absences: a rise of Ca and a decline of Si concentrations with 

increasing Ca/Si (Figure 8). This suggests that C-(N, K-)S-H solubility does not vary 

greatly as a function of the alkali cation (Na or K) present, but that the concentrations 

are just shifted to higher pH values, due to the common ion effect with C-S-H between 

pH, Ca and Si. The measured pH values, alkali (data inTable 9), Ca and Si 

concentrations can be well reproduced by thermodynamic modelling using the recent 

CASH+ solid solution model [61,62]. In agreement with the experimental data, no 

significant differences are observed in the modelled results, independent of whether 

NaOH or KOH are used.  

The thermodynamic model predicts higher pH values in the presence of alkali 

hydroxides and increased Si concentrations due to the preference of Si to form 

negatively charged complexes such as SiO(OH)3
- and SiO2(OH)2

2- at higher pH values. 

This tendency of silicon to remain in solution at high pH values leads to a complete 

dissolution of SiO2 at 0.5 M NaOH and above and to a decrease of the calculated 

Ca/SiC-S-H from 0.75 (no alkali) to ~ 0.7 at 0.1, 0.5, and 1 M NaOH, due to the limited 

availability of SiO2 in the experimental system studied.  

In the presence of portlandite, the opposite effect can be observed: a decrease of Ca/Si 

in C-S-H at higher NaOH concentrations. Higher pH values and thus higher OH- 

concentrations decrease the Ca concentrations in equilibrium with portlandite which 

lowers Ca-uptake in C-S-H. In the presence of portlandite, Ca concentration decrease 

from 21 mM to 5 mM (0.1 NaOH), 0.8 (0.5 M NaOH) and 0.3 mM Ca in 1 M NaOH 

leading to a decrease of the maximum calculated Ca/SiC-S-H from 1.44 at 0 and 0.1 M 

NaOH to 1.35 at 0.5 M NaOH and to 1.07 at 1 M NaOH as detailed also in Table 14.  
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Figure 8. pH values, Si and Ca concentrations in the solutions of the C-(N,K-)S-H samples as 
a function of Ca/Si ratios in C-(N,K-)S-H. The estimated absolute errors are ≤ ±0.05 units in 
the Ca/Si ratios and ±0.2 in pH. The estimated relative uncertainty of the IC measurements is 
±10%. Grey symbols: synthetic C-S-H data from [18,40,42,98]; colored symbols: C-(N,K-)S-H 
from this study; red triangles: C-S-H in water; orange circles: C-(N,K-)S-H  with 0.1 M alkali 
hydroxide solution, light green diamonds: C-(N,K-)S-H  with 0.5 M alkali hydroxide solution, 
dark green squares: C-(N,K-)S-H  with 1 M alkali hydroxide solution; filled symbol: C-(N,K-)S-
H with NaOH solution; empty symbol: C-(N,K-)S-H  with KOH solution. Lines: simulated using 
the thermodynamic CASH+ model[61,62].  

3.2.3. Effect of NaOH / KOH on C-S-H   

3.2.3.1. Alkali uptake in C-S-H 

The alkali uptake by C-S-H measured using the direct and indirect methods is plotted 

in Figure 9. Determination using the indirect mass balance approach does not give 

meaningful results at 0.5 M alkali hydroxide and above due to large increase of the 

absolute error in the amount taken up at higher alkali concentrations as discussed in 
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detail in [41]. At 0.1 M NaOH or KOH, no systematic difference was observed between 

the direct and indirect method.  

The amount of Na and K incorporated in the C-(N,K-)S-H is higher at low Ca/SiC-S-H 

than at high Ca/SiC-S-H ratio. For C-(N,K-)S-H at 0.1 M alkali hydroxide, bound alkalis 

decreases from alkali/Si ≈0.20 ± 0.05 for Ca/SiC-S-H = 0.7 to alkali/Si <0.05 for Ca/SiC-

S-H = 1.35 - 1.5. For C-(N,K-)S-H with 0.5 M alkali hydroxide, bound alkalis also decline 

from alkali/Si ≈ 0.6±0.1 in C-(N,K-)S-H with low Ca/SiC-S-H to around 0.3 ± 0.1 at C-

(N,K-)S-H with high Ca/SiC-S-H. This trend and the measured alkali/Si ratios are 

consistent with those reported in earlier studies of alkali uptake in laboratory 

synthesized C-(N,K-)S-H at room temperature [39,41,43,44,113]. No significant 

difference between K and Na uptake was observed in agreement with the data reported 

by Hong and Glasser and L'Hôpital et al. [41,113]. The experimental data is 

satisfactorily reproduced by the model at alkali concentrations of 0.1 M and 0.5 M and 

for Ca/SiC-S-H ratios larger than 0.9. At alkali concentrations of 0.5 and low Ca/Si ratios, 

the model underestimates the experimental data (Figure 9). Compared to the 

experimental data that shows a monotonous decrease of alkali uptake with increasing 

Ca/Si ratio, the CASH+ model predicts a maximum uptake around Ca/SiC-S-H = 0. 77 

(0.1 M alkali), which could be a model artifact. At these conditions the model simulates 

that the alkalis enter the C-S-H interlayer and have little competition from Ca. The 

uptake is further enhanced in the model by the presence of less Si bridging tetrahedra 

compared to conditions at lower Ca/Si (i.e., 0.73) and higher MCL values. Above the 

Ca/Si = 0.77 ratio, the decrease in alkali uptake is due to the increasing competition 

with Ca for the C-S-H interlayer. At high alkali concentration, e.g., 0.5 M and low Ca/Si 

ratio, the increase in pH results in that the model predicts that Si bridging tetrahedra 

are replaced by vacancies (silica becomes more soluble with increasing pH). In fact, 

this leads to a higher model calculated Ca/Si ratio in C-S-H (around 0.77) for conditions 

with the lowest target Ca/Si. The model is not compared to the experimental data 

carried out at 1 M alkali hydroxide due to the very large uncertainty for the experimental 

data at such a high concentration.  
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Figure 9. Alkali uptake in C-(N,K-)S-H as a function of the Ca/Si ratio, for samples synthesized 
with NaOH (filled symbols) and KOH (empty symbols) equilibrated for 3 months determined by 
the direct method. Orange circles: C-(N,K-)S-H synthesized with 0.1 M alkali hydroxide; green 
diamonds: C-(N,K-)S-H synthesized with 0.5 M alkali hydroxide. Lines: simulated using the 
thermodynamic CASH+ model [61,62]. The estimated absolute errors were ±0.08 units in the 
(Na, K)/Si ratios of the C-(N,K-)S-H products synthesized with 0.5 M alkali hydroxide and ±0.04 
units of the C-(N,K-)S-H products synthesized with 0.1 M alkali hydroxide. The estimate errors 
of Ca/SiC-S-H were smaller than ±0.05.The values determined indirectly by mass balance at 0.1 
M (grey triangles) are given for comparison.  

 

3.2.3.2. Water content in C-S-H 

Figure 10 shows the effect of KOH concentration on TGA of C-(K-)S-H with Ca/Sitarget 

of 1.2. The presence of alkali hydroxide increases moderately the amount of water 

present. The weight losses observed by TGA for the alkali free sample can be 

subdivided into a main weight loss at around 120 °C, which continues to reduce up to 

600 °C associated with interlayer and surface water of C-S-H and a weaker weight loss 

in the range 600 – 980 °C, which has been assigned to the destabilization of C-S-H to 

wollastonite (CaSiO3) and rankinite (Ca3Si2O7) [47,114] as well as to the presence of 

carbonates. The TGA data confirm that in all cases C-S-H is the main solid precipitated. 

In 0.5 and 1 M KOH solution, in addition some portlandite is observed, in agreement 
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with other observations on synthetic C-S-H in the presence of KOH or NaOH 

[40,41,48]. At 1 M KOH concentration, the TGA data indicate an additional weight loss 

at around 380 °C, in agreement with the observations reported for C-N/K-A-S-H in [42], 

which has been double checked with the XRD Rietveld quantification and is tentatively 

assigned to finely dispersed portlandite.  

 

Figure 10. TGA of C-(K-)S-H with target Ca/Si=1.2 after an equilibration time of 3 months at 
different KOH concentrations. C: C-(K-)S-H ; P: portlandite. *P: The weight loss between 300 
and 400 °C in 1 M KOH is tentatively assigned to finely dispersed portlandite. Similar weight 
losses have also been observed for C-N-S-H. 

The TGA data were used to quantify the H2O content in C-(N,K-)S-H based on the 

mass loss between 30 °C and 600 °C, after correction for the presence of portlandite. 

The H2O/Si ratio has been measured on C-(N/K-)-S-H samples equilibrated for more 

than 2 weeks at ∼30% RH, where mainly interlayer water plus a layer of surface water 

is present, but no gel water [115]. In the absence of alkalis, C-S-H products typically 

contain 1.2 to 1.5 H2O per Si (Figure 11), which agrees well with other observations of 

the H2O content of C-S-H at ambient temperatures [18,23,41,42]. The H2O/Si 

increases with the Ca/Si ratio, while it remains rather constant if expressed as H2O per 

gram of C-S-H and decreases if expressed as H2O/Ca as discussed in L'Hôpital et al. 

[26]. The presence of 0.1 M alkali hydroxide had little effect on the measured H2O/Si, 

while higher alkali concentrations increased the amount of bound water, indicating that 
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the Na+ and K+ present in the interlayer or surfaces of C-S-H are associated with 

additional water [18,23,41,42]. No significant difference could be observed between 

Na and K.  

 

 

Figure 11. H2O/Si ratios of the C-(N,K-)S-H as functions of the Ca/Si ratio, for samples 
synthesized with water, 0.1 M, 0.5 M and 1 M NaOH (filled symbols) or KOH (empty symbols) 
solutions equilibrated for three months. The estimated absolute errors are ±0.05 units in the 
Ca/Si ratios and ±0.2 in the H2O/Si ratios of the C-(N,K-)S-H products. The estimate error of 
Ca/SiC-S-H is smaller than 0.05. 

 

3.2.3.3. Basal spacing and crystallite size 

In parallel to the water content, also the basal spacing of the dried C-S-H increases 

with the KOH concentration. The XRD data in Figure 12 indicate decrease of the (001) 

reflection [39,68] from 8.9 to 6.9° 2θ in the presence of KOH corresponding to an 

increase from 9.9 Å to 12.8 Å of the basal spacing. Such an increase of basal spacing 

has been reported previously [41] for samples where a comparable drying method has 

been used. In contrast, a decrease of basal spacing in the presence of NaOH has been 

observed [39] for only shortly (overnight) dried samples, which could indicate a faster 

drying at high NaOH concentrations. The presence of KOH also leads to a decrease 
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of the intensity of the (101) reflection at ≈ 5 Å (16 °2θ). The absence of the (101) 

reflection at 0.5 and 1 M KOH suggests a decreased occupancy of the Si bridging sites 

at higher alkali concentrations and thus the presence of more Si dimers, as further 

confirmed by 29Si NMR, FTIR, and Raman data and in good agreement with the 

decrease of the amount of Q2 species observed by 29Si NMR for the sample with Ca/Si 

= 1.0 synthesized in the presence of NaOH [42,48,92]. 

 

 

Figure 12. XRD diffractograms of C-(K-)S-H  with target Ca/Si=1.2 after an equilibration time 
of 3 months at different KOH concentrations. C: C-(K-)S-H, P: portlandite 

The positions of the (001) reflections in Figure 12 correspond to average basal 

spacings of 9.6 to 15.4 Å for the C-(N, K-)S-H products as summarized in Figure 13. 

The variations in the basal spacing are related to drying and the amount of alkali and 

calcium in the interlayer, with lower interlayer distances at high Ca/Si and an increase 

at higher alkali contents. The variation in basal spacing could also be due to the 

presence of different C-(N,K-)S-H products , i.e. poorly-ordered 14 Å, 11 Å and 9 Å 

tobermorite [23]. It needs to be emphasized that some samples synthesized in 1 M 
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alkali hydroxide contain two separate basal peaks, which indicates the presence of 

different analogues. The profile fitting and the crystallite size refinement for these 

samples give larger uncertainties. 

For alkali-free and low-alkali C-S-H materials, basal space decreases with increasing 

Ca/Si. The reason of this reduction of interlayer distance could be the charge balance 

or the attraction effect of the Ca2+ in the interlayer [18,26,116]. XRD indicates that the 

presence of KOH and NaOH increases the mean basal spacing of the C-(N,K-)-S-H as 

shown in Figure 13 and in fact, density function theory (DFT) calculations indicate a 

decrease of attractive forces between the layers upon replacement of Ca2+ in the 

interlayer of C-S-H by Na+ [92]. 

Although at Ca/Si ratios ≥ 1.0, only a small amount of alkali uptake occurs, the small 

quantity of KOH or NaOH affects strongly the basal spacing of C-(N, K-)S-H, which 

underlines that this increase is mainly caused be the removal of Ca2+ at high alkali 

hydroxide and thus low calcium concentrations.  

Bach et al. [39] and L’Hôpital et al. [41] reported the decrease of the mean basal 

spacing in the presence of increasing amounts of NaOH, while the opposite was 

observed in Figure 14 (a). The main reason for this inconsistency is that [39] and [41] 

focused on alkali hydroxide concentrations lower than 0.1 M, where we also observe 

a slight decrease. However, from 0.1 to 1 M KOH or NaOH concentration, the basal 

spacing increased from ≈ 10 to ≈ 13 Å, as shown in Figure 14 (a). At equal 

concentrations, K and Na have a similar effect of changing the mean basal spacing. 

This is consistent with L’Hôpital et al. [41], but in contrast to the study of Bach et al. 

[39], who observed a stronger decrease of the mean basal spacing in the presence of 

NaOH than of KOH. The reasons for these contradictory observations are unclear, 

although they might be related to different washing and drying procedures of the solids, 

and the shorter equilibration times used in [39]. 
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Figure 13. Variation of the mean basal spacing as a function of the total Ca/Si ratio in C-(N,K-
)S-H solid after an equilibration time of 3 months. Grey symbol: C-S-H from L'Hôpital [26]; 
colored symbol: C-(N,K-)S-H  from this study; triangles: C-S-H with water; circles: C-(N,K-)S-
H  with 0.1 M alkali hydroxide solution, squares: C-(N,K-)S-H  with 1 M alkali hydroxide solution; 
filled symbols: C-(N,K-)S-H  with NaOH solution; empty symbols: C-(N,K-)S-H  with KOH 
solution.  

Table 2 Unit cell parameters and domain sizes along the a-, and b-axes (la) and the c-axis (lc) 
obtained from the Pawley fits in Figure 50 for the different alkali concentrations of C-(N,K-)S-
H powder patterns with Ca/Sitarget = 1.0. For the 1.0 M NaOH concentration, two tobermorite 
unit-cells were used, which differ only in the c-axis length and domain size. 

Alkali concentration 𝑎 𝑏  𝑐 𝛾  𝑉   𝑎  𝑐 
 (M) (Å)  (Å)  (Å)  (°) (Å3)  (nm) (nm) 

 0 6.405(2) 7.667(3) 24.10(3) 122.76(4) 995.2(13) 15(3) 2.10(10) 
KOH 0.1 6.454(5) 7.799(13) 22.282(17) 123.72(7) 933(2) 10.5(12) 2.01(5) 
 0.6 6.441(2) 7.760(6) 23.546(18) 123.41(5) 982.4(13) 9.9(5) 1.81(4) 
 1.1 6.464(5) 7.642(6) 26.071(16) 123.18(7) 1077.8(16) 9.0(14) 3.14(9) 
NaOH 0.1 6.404(5) 7.871(9) 21.417(14) 123.52(8) 900.0(16) 8.5(6) 1.57(3) 
 0.5 6.417(2) 7.817(5) 21.838(13) 123.45(3) 914.0(9) 13.5(8) 1.67(2) 
 1.0 6.442(4) 7.589(7) 23.958(19) 124.27(8) 967.8(16) 11(3) 2.32(6) 
 1.0 6.442(4) 7.589(7) 21.01(3) 124.27(8) 848.7(17) 11(3) 2.87(12) 

 

The crystallite size was estimated from the X-ray diffraction data using a Pawley fit 

from the unit cells of tobermorite 11 Å [68] and tobermorite 14 Å (for 1.1 M KOH) [70]. 

An anisotropic crystallite size refinement with two domain lengths (one for the a- and 
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b-directions, and one for the c-axis direction) is conducted. The fits are given in Figure 

50. The refinement results, presented in Table 2, show that the C-S-H has a much 

larger crystallite size along the ab-axes than along the c-axis, which verifies the poorly 

ordered nature of C-S-H along the c-axis, in agreement with earlier studies [117,118]. 

A crystallite size in the c direction of lc ≈ 15 Ǻ to 32 Ǻ is observed, denoting 1.5 to 3 

layers of C-S-H stacking in the c-axis. In C-S-H with NaOH 1 M, a shoulder is observed 

at ~ 10.7 Ǻ, other than the major basal peak at ~ 12.3 Ǻ, indicating two major nano-

crystalline structures in this sample that share similar structures in ab-plane but have 

different basal spacings.  

The relative intensity and width of the (001) reflections are highly sensitive to the 

crystallite size along the c-axis ( 𝑐). A correlation between increasing alkali hydroxide 

concentration and larger crystallite size in the c-direction with smaller crystallite size in 

the ab-plane can be observed for C-S-H with KOH. The trend of smaller crystallite size 

in ab-direction for C-S-H with NaOH is less clear, which may be due to the larger 

uncertainty from the mixture of tobermorite analogues present. The crystallite size in 

the c-direction and basal spacing follow the same trend along the higher amount alkali 

hydroxide.  

As discussed in previous studies [41,42,62,92], higher alkali hydroxide concentration 

shortens the silicate chains of C-S-H. So the increased crystallite size can be assumed 

to stem from an increase along the c- axis. Pair distribution function (PDF) calculations 

of synthetic C-S-H indicated a crystallite size of ≈ 4 nm and no significant variations 

with the NaOH concentrations up to 5 M [92], but the C-S-H are pre-assumed as 

identical along a-, b- and c- axes.  

Grangeon et al. [100] suggested that a shift of the basal reflection in XRD towards low 

angles and an increase in its FWHM could indicate fewer stacking layers in the c 

direction. In this study, the basal reflection shifts towards lower angles while the domain 

size increases (i.e. FWHM decreases) as a function of alkali concentration in C-(Na,K-

)S-H, as shown in Figure 14 (b). The FWHM might include several analogues of 

tobermorite, giving the larger values for the 0.5 M concentration. The lower angle 

shifting of basal reflection and decreasing FWHM indicate: 

i) an expansion of the interlayer distance, probably related to the replacement of Ca2+ 

by alkali ions in the interlayer [18,41,92,119], which either lowers the attractive forces 
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between the separate layers [92] or brings more water molecules into the interlayer 

[119]. The latter hypothesis can be explained as more water is associated with two Na+ 

and K+ cations than with one Ca2+ cation. The Na+ or K+ attracts the water molecule 

along the direction that is parallel to the silicate chain in C-(N,K-)S-H. The force 

resulting from this attraction decreases the lateral area (i.e., along the ab direction), 

while simultaneously increasing the length along the c-direction (i.e., expanding the 

interlayer).  

ii) an increase in the crystallite size along c-axis. One possible interpretation of these 

phenomena is that alkali hydroxide lowers the degree of silicate polymerization in C-

S-H and as a result the C-S-H grows rather in c-direction (rather than in the ab-

direction) resulting in higher number of layers stacked along the c-axis.  
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Figure 14 (a) Variation of mean basal spacing and crystallite size along the c-axis as a function 
of the initial alkali concentration for C-S-H with Ca/Si = 1.0 after an equilibration time of 3 
months, solid symbols: mean basal spacing, empty symbol: crystallite size calculated based 
on the tobermorite model. Grey symbols: C-S-H from L'Hôpital et al. [26]; colored symbol: C-
S-H from this study; triangle. (b) FWHM of the d001 reflection of C-(N,K-)S-H  with target Ca/Si 
= 1.0 as a function of initial alkali concentration after an equilibration time of 3 months. 
Triangles: C-S-H synthesized with water, squares: C-(N, K-)S-H synthesized with NaOH 
solutions, circles: C-(N, K-)S-H synthesized with KOH solutions. The symbol marked with * 
stands for the second basal peak. The grey region is shown only as an eye-guide. 

 

3.2.3.4. Composition of C-(N,K-)S-H 

The chemical compositions of the C-(N,K-)S-H products formed at different Ca/Sitarget 

ratios was calculated by mass balance calculation considering the amount of Ca and 

Si in the aqueous phase and secondary phases present, only the amount of NaOH and 

KOH was obtained from direct measurements as detailed above. The variations in the 

composition of C-S-H are summarized in Figure 15. The C-(N,K-)S-H products formed 

in water and 0.1 M NaOH and KOH have Ca/Si ratios between 0.78 to 1.44. In general, 

the Ca/SiC-S-H ratios are similar to the Ca/Sitarget, due to the relatively low levels of 

secondary phases formed in these specimen. The samples synthesized with Ca/Sitarget 

= 1.6 contained portlandite, which lowered the Ca/SiC-S-H to slightly below 1.5. The 

presence of 1 M alkali hydroxide solutions lowered the maximum Ca/SiC-S-H of C-(N,K-
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)S-H to 1.2, as more portlandite is formed at higher pH values (Figure 12), indicating a 

strong effect of pH on C-S-H composition under equilibrium conditions. The lowest 

Ca/SiC-S-H is also affected by the presence of alkali hydroxide; the higher pH values 

increase the Si concentrations, which led to the dissolution of amorphous silica at 0.1 

M alkali hydroxide and above, as well as to more Si in solution. The preference of Si 

to be in solution instead of solid phase results in an decrease of the observed minimum 

Ca/SiC-S-H from 0.75 at alkali free C-S-H to ~ 0.7 at C-S-H with alkali hydroxide.  

 

Figure 15. Chemical compositions (units in molar fraction) of the C-(N, K-) S-H products of 
different target Ca/Si and with different NaOH or KOH concentration projected in ternary 
diagram.  

 

3.3. Effect of pH on silica sites in C-S-H  

The 29Si MAS NMR spectra of the C-S-H samples with Ca/Si = 1.2 and cured in 

different KOH concentrations are shown in Figure 16. Three resonances at approx. -

79 ppm (  ), -83 ppm (  
 ) and -85 ppm (  𝑎

 ) are identified for the alkali-free sample, 

as discussed above. 
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The presence of KOH shifts the Q1 and Q2 peaks to lower frequency as a result of the 

replacement of Ca2+ by K+ in the interlayer, which contribute to a weaker shielding of 

the Si atoms as compared to Ca2+ [92]. The observed shifts are consistent with earlier 

observations for C-S-H gels exposed to NaOH and KOH [42,48,92,120] and with the 

shifts to lower wavenumbers observed in both Raman and FTIR signals at around 1000 

cm-1 as discussed below.  

With increasing KOH or NaOH concentrations, the intensity of the Q1 signal increases 

indicating a shortening of the MCL, as also observed in previous studies [42,92]. For 

the C-S-H samples with Ca/Sitarget of 1.0 and below, the changes in mean chain length 

are much more distinct than at 1.2, while at Ca/Sitarget > 1.2, the mean chain length and 

silica connectivity is not strongly affected at higher KOH concentrations [18,45,92] 

since silicate dimers dominate at high Ca/Si. 

In addition, small amounts (< 3 %) of Q0 peaks (-70 ppm) were observed for the C-S-

H samples synthesized in 1M NaOH at (Ca/Si)i values of 0.6 to 1.6 and in 1M KOH at 

Ca/Si 0.8 (see Figure 48). The Q0 peaks are assigned to hydrated monomeric silicate 

species in the solid following the assignment of Garg et al. [92]. For C-S-H synthesized 

in 1 M alkali hydroxide, these Q0 units are possibly charge-balanced by the high levels 

of alkalis. It should be noted that from a thermodynamic stability point of view, an 

excess of depolymerized Q0 silicate units are preferable dissolved [92].  
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Figure 16 29Si NMR spectra of C-(N,K-)S-H a) with Ca/Sitarget = 1.2 after an equilibration time 
of 3 months at different KOH concentrations.  

Figure 17 shows the effect of KOH on the FTIR and Raman spectra of C-(K-)S-H with 

Ca/Sitarget = 1.2. The main FTIR peak at 960 cm-1 is shifted to lower wavenumbers 

(redshift) confirming the depolymerisation of the silica chains [33]. This peak splits into 

two peaks at higher KOH concentrations indicating a lowering of the symmetry 

resulting from the transformation of structural sites into groups of non-equivalents sites 

[34]. The peak splitting has also been observed to a limited extent at higher Ca/Sitarget 

and much more distinct at low Ca/Sitarget (see Figure 45). This lower symmetry 

indicated peak split could be due to the substitution of Ca2+ by K+ in the interlayer, i.e. 

by the changes in the second coordination sphere. The shift to lower wavenumber 
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change in Si-O bond distances and/or the Si-O-Si angles [101]. In the Raman spectra 
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-60 -65 -70 -75 -80 -85 -90 -95 -100

KOH 1.0M

KOH 0.5M

KOH 0.1M

Chemical shift (ppm)

Alkali free

Q1

Q2
b

Q2
p



Chapter 3: Effect of alkali hydroxide on calcium silicate hydrate (C-S-H) 
 

59 
 

cm-1 occurs, which indicates the value of the angle <Si-O-Si> decreases in the 

presence of KOH [107]. Also the appearance of small peak at ~1120 cm-1 Raman 

spectra indicates increasing bond deformation of Si-O-Si linkages [61]. 

The Q1 signal is located at ~815 cm-1 in FTIR and ~882 cm-1 in Raman. The intensity 

of the Q1 signal in FTIR increases indicating the presence of more Q1 silica and thus a 

shortening of the silica chain length, in agreement with the observations by Si-NMR. 

Also in Raman, the intensity of the SS Q1 increases from alkali free to 0.5 M KOH 

indicating a shorter MCL. The SS Q1 peak at 1 M KOH, however, does not follow the 

expected trend. During sample preparation and measurement a slight carbonation of 

the surface occurred, which led to a C-S-H decalcification and silica polymerization 

and diminishment of the SS Q1 intensity [60] at the surface of the samples, although 

the bulk C-S-H show very little weight loss from 600-900°C in Figure 10. The 

carbonation is in particularly well visible in the Raman peaks at 1080 cm-1, which are 

attributed to the C-O SS vibration of carbonation [28,106,107,109] and strongly affect 

the intensity of the Si-O SS of C-S-H at ~1020 cm-1. The carbonate peak at ~1077 cm-

1 increasingly dominates the spectra of C-S-H with KOH, which is attributed to the 

symmetric stretching mode of vaterite [60]. The fast carbonation of the samples surface 

at high pH values and high Ca/SiC-S-H makes the interpretation of the Raman signals 

very challenging.  

The addition of KOH increases the intensity of the FTIR band at 670 cm-1, which has 

been related to Si-O-Si (O-Si-O) bending [33,102] and water liberations [102]. This 

increase has been observed at all Ca/Si ratios (see Figure 45) and could thus be 

related to the presence of additional water. The FTIR spectral range 2500-4000cm-1 in 

Figure 44 shows that the intensity of the water signal is significantly higher at 1 M KOH 
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than for the other samples indicating the presence of more loosely bound water in 

agreement with the TGA results.  

  

  

Figure 17 (a) FTIR and (b) Raman spectra of C-(N,K-)S-H  with target Ca/Si=1.2 after an 
equilibration time of 3 months at different KOH concentrations. 
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In addition, in FTIR the peak at 450 cm-1 and a peak at 490 cm-1 are increasing, which 

has been assigned to internal deformation of the Si-tetrahedra [106] or O-Si-O bending 

[107] and symmetric bending vibrations of SiO4 [28,106,107]. As discussed in Figure 

6(c) the peak at 780 cm-1 is also observed and disappears at higher alkali 

concentrations. In Raman, the addition of KOH did not change the peak intensity of the 

Ca-O lattice vibrations at 325 cm-1 did not change except for 1 M KOH, which could be 

related to the formation of more portlandite.  

The XRD, NMR, FTIR and Raman data all indicate the formation of shorter silica chains 

in the presence of more KOH and NaOH, which agrees with the decrease of MCL 

predicted based on thermodynamic modelling using the CASH+ model in Figure 18. In 

agreement with the experiments (the MCL calculated from NMR and secondary 

phases are presented in Figure 43), the presence of alkali hydroxide decreases the 

MCL in C-S-H due to the removal of Si from the bridging sites at higher pH values. The 

reason of the less bridging Si in C-S-H is because of the increasing tendency of 

negatively charged Si species (SiH3O4
- and SiH2O4

-2) to be present in solution at higher 

pH values. In addition, higher pH values increase the deprotonation of ≡SiO- surface 

groups in C-S-H [40,41,87–89,112], which increases the negative surface and 

interlayer charge of C-S-H and thus lowers the tendency of silicon to bind on bridging 

sites.  
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Figure 18. Calculated main chain length (MCL) of C-(N,K-)S-H from Gems compared with MCL 
values reported from 29Si NMR. The estimated absolute errors are less than 30%. The error 
limits for the MCL from NMR is ± 0.05. Solid and empty symbols: MCL from NMR; red triangles: 
C-S-H with MilliQ water; orange circles: C-(N,K-)S-H  with 0.1 M alkali hydroxide solution, light 
green diamonds: C-(N,K-)S-H  with 0.5 M alkali hydroxide solution, grey symbols: C-(N,K-)S-
H  with 0.5 M – 1M alkali hydroxide solution adapted from [42,48,120,121]. Lines: simulated 
using the thermodynamic CASH+ model.  
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disappearance of the XRD d101 peak. A shift of the main Si-O stretching signal in FTIR 

to lower wavenumbers confirmed the depolymerisation of the silicate chains. XRD 

indicates a decrease of the interlayer distances at higher Ca/SiC-S-H ratios, where more 

Ca2+ is in the interlayer, which increases the cohesion between the negatively charged 

main layers. 

The presence of KOH and NaOH had a similar effect on both the aqueous phase and 

solid phase. The addition of KOH or NaOH increased the pH values and the Si 

concentrations and lowered the Ca concentrations in solution. The precipitation of 

additional portlandite at high pH values as well as the increased Si concentrations due 

to the preference of Si to form negatively charged complexes lead to a decrease of 

Ca/SiC-S-H from 1.44 in the absence of NaOH to Ca/SiC-S-H ≈ 1.1 in the presence of 1 M 

NaOH or KOH. The uptake of alkali in C-S-H was higher at low Ca/Si as well as at 

higher pH values, as both the lower Ca-concentration and increased deprotonation of 

the silanol group ≡SiO- surface at higher pH contribute to an increased alkali binding 

by C-S-H in agreement with the prediction of the thermodynamic model. Higher 

concentration of alkali hydroxide also prevented the polymerisation of C-(N,K-)S-H 

silicate as indicated by NMR, FTIR and Raman spectroscopy and increased the 

crystallite size along the c-axis from ≈ 16 Ǻ in 0.1 M KOH to 31 Ǻ in 1.1 M KOH after 3 

months of curing at 20°C degree.  

This study for the first time combined a series of spectroscopy methods including NMR, 

FTIR and Raman to study the effect of alkali hydroxide on the structure of C-S-H. With 

the help of the Si NMR data, we assigned clearly the vibration bands of C-S-H in FTIR 

and Raman. The data showed that it is possible to use FTIR and Raman as heuristic 

tools to quantify the MCL, and it showed good qualitative agreements with the MCL 

from NMR. In addition, we observed the C-S-H composition change as a function of 

alkali hydroxide concentration, where the upper limit decreases of the Ca/SiC-S-H
 from 

~1.44 (no alkali) to 1.1 (1M KOH/NaOH), and the lower limit from 0.75(no alkali) to ~ 

0.7 in the presence of alkali hydroxide. The comparison with the independently 

developed CASH+ thermodynamic model showed that the model reproduced the 

observed changes, including the shortening of the MCL in the presence of NaOH and 

KOH. This study adds important data to improve the thermodynamic modelling and the 

insights into the composition and structure relationship of C-(N,K-)S-H, which are 

expected to contribute our understanding on the effect of alkali hydroxides on C-S-H. 
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CHAPTER 4: Al uptake in calcium silicate hydrate (C-S-H) and the 

effect of pH2 

4.1. Introduction 

27Al MAS NMR studies indicated that the major part of Al in C-S-H is present either 

tetrahedrally coordinated (mainly at low Ca/Si C-S-H) and octahedrally coordinated (at 

high Ca/Si), while less than 10% of Al is pentahedrally coordinated [15,17,28,122], as 

well as the different chemical environments of tetrahedral Al [45]. 27Al MAS NMR 

indicated that tetrahedral Al can have different neighbors, while little difference was 

observed for octahedrally coordinated Al in C-A-S-H, while no Al K-edge XANES 

studies, which could add further insights on the kind and quantity of nearest neighbors 

of Al in C-A-S-H are available.  

Different studies have shown that higher pH values increase Al and Si concentrations 

but lower Ca concentration and shorten the main chain length (MCL) in C-A-S-H [40–

42,48,113]. Despite many studies on the chemistry and structure of C(-A)-S-H 

[17,23,116,118,123–126,26,40–42,47,48,112,113], the interplay between aluminium, 

alkali hydroxides in solution, the structure of C-A-S-H and aluminium uptake by C-A-

S-H is still not fully understood, as most studies focus either on the study of aqueous 

concentrations [113] or on the characterization of the solid phases [118,124,127]. In 

particular it remains unclear whether Al or Si is preferentially taken up, and whether 

pH or Ca/Si would affect the uptake preferences or the coordination environment. 

This chapter focusses on the interplay between aqueous concentrations and C-A-S-H 

composition and structure and the effect of pH on Al uptake. The influence of 

aluminium is studied in the first part and the effect of alkali hydroxide on C-A-S-H is 

studied in the second part. The solubility, the structure and the chemical composition 

of the resulting C-(A-)S-H are investigated after equilibration time of 3 months and 1 

year. The experimental results are compared with data predicted by the CASH+ model 

[61–63]. The results and comparisons presented are particularly pertinent for the 

                                            
2 This chapter has been submitted as a manuscript to Cement and Concrete Research: Al 
uptake in calcium silicate hydrate and the effect of alkali hydroxide, Y. Yan, B. Ma, G.D. Miron, 
D.A. Kulik, K. Scrivener, B. Lothenbach. 
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further development of this and other thermodynamic models to predict of aqueous 

concentrations in hydrating blended cements.  

4.2. Results and discussion  

4.2.1. Influence of aluminium 

Figure 19 shows the effect of Al on C-S-H with Ca/Sitarget of 1.0 in 0.5 M NaOH solution; 

additional data for 0.1 and 1.0 M NaOH and for 0.5 M KOH are given in Figure 51 in 

Appendix J. The XRD and TGA data show that C-N,K-(A-)S-H is the main phase in all 

cases, and indicate the formation of secondary phases at higher Al content. In 0.5 M 

NaOH, katoite is observed at Al/Sitarget ≥ 0.1, in 0.1 M NaOH already at Al/Sitarget ≥ 0.05 

(see Figure 51), while strätlingite is observed only at 0.1 M NaOH, due to the 

destabilization of strätlingite with increasing pH values as illustrated in Figure 20. 

Hemicarbonate and monocarbonate are identified in some samples and their presence 

is attributed to minor carbonation during sample preparation, drying and measurement. 

Hemicarbonate can contain different amounts of carbonate [128] so the peaks can be 

relatively broad. A small amount of portlandite is observed only in 1 M NaOH at 

Al/Sitarget = 0.15. 

The TGA shows a main water loss between 30 - 300 °C from interlayer and structurally 

bound water in C-N,K-(A-)S-H. A hump at 400-500 °C, marked with ⁎, is observed at 

high sodium and aluminium concentrations (Al/Sitarget ≥ 0.15 in 0.5 M NaOH, Al/Sitarget 

= 0.05 and 0.1 in 1 M NaOH) but not in the presence of KOH. This weight loss is 

tentatively assigned to thermal decomposition of more ordered water in C-N-A-S-H 

because none of the other phases identified by TGA, XRD presented here or by Al and 

Si NMR [45] can explain the weight loss associated with these bands. Similar weight 

losses have also been observed for C-N-A-S-H in the presence of high concentrations 

of NaOH [42,50] or for samples equilibrated at 50 and 80°C [47]. TGA indicates also 

minor carbonation (weight loss < 0.5%) in some samples during sample preparation, 

storage and/or analysis as visible in the region from 600-800 °C. The peaks above 

800°C are assigned to the water loss due to the decomposition of C-K-(A-)S-H to 

wollastonite (CaSiO3) [47,129]. 

The position of the main C-N,K-(A-)S-H peak observed by XRD and total weight loss 

did not vary systematically with the Al content, indicating that the Al is not the primary 

factor controlling the interlayer and structural water content of C-N,K-(A-)S-H products. 
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However, a broadening of the maximum diffraction at ~ 3.1 Å (~ 29° 2θ Cu Kα) is 

observed in the presence of Al, as shown in Appendix Figure 53. The XRD data confirm 

that the addition of Al leads to more secondary phases and thus to a higher total weight 

loss in particular at lower NaOH and KOH concentrations. The basal spacings, d001, in 

Figure 19 move to lower 2θ values in the presence of Al, indicating that the presence 

of aluminium increases the interlayer size within C-N,K-(A-)S-H. The same effect was 

also observed for 0.1 and 1 M NaOH and 0.5 M KOH (see Figure 51). The broad 

reflection at ~ 17° 2θ ( d-spacing ~ 5 Å), which has been assigned to a d101 reflection, 

indicates occupation of bridging sites in the silica chain and is more visible at higher 

Al/Si, which points out a prolongation of the mean silica chain length due to the 

incorporation of Al into the bridging sites.  
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Figure 19 XRD and TGA of C-N,K-(A-)S-H with target Ca/Si=1.0 synthesized in NaOH 0.5 M 
with different initial Al/Si, equilibrated for 1 year. C: C-N,K-(A-)S-H, K: katoite (Ca3Al2(OH)6, 
PDF# 00-024-0217), Hc:  Hemicarbonate (Ca4Al2(OH)12(OH)(CO3)0.5(H2O)5, PDF# 00-029-
0285) , Mc: monocarbonate (Ca4Al2(OH)12(OH)(CO3)(H2O)5, PDF# 00-029-0285).  *: The 
weight loss between 300 and 400 °C in (b) is tentatively assigned to C-N-A-S-H.  

The simulated Al solubility of amorphous Al(OH)3, stätlingite, katoite and C-A-S-H with 

Ca/Si = 1, Al/Si = 0.1 are plotted against pH in Figure 20. Al solubilities of 

microcrystalline Al(OH)3, stätlingite and katoite decrease with increasing pH, pass 

minimum at pH ≈ 6.5, 12.2 and 13.6 separately, and increase again with increasing 

pH, due to the formation of anionic aluminate species.   
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Figure 20. Effect of pH on Al solubility of microcrystalline Al(OH)3, strätlingite and katoite (all 
solids 1 mol/L) at equilibrium conditions. Above pH 13.7, the formation of portlandite is 
calculated in the presence of katoite.  

The measurements of interlayer distance in C(-A)-S-H by XRD is associated with 

considerable variations as it also depends strongly on the relative humidity [130,131] 

and thus on the drying procedure and duration. In the present study as well as in the 
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in C-S-H is observed as shown in Figure 21. In contrast, no clear trend was found 
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based on the about 8 - 10% longer Al-O than Si-O bonds [132,133], which is also visible 

in the, although more limited, increase of the interlayer distance observed for cross-

linked 11 Å Al-tobermorite [65,134] in the presence of Al as shown in Figure 21. 

 

Figure 21 Variation of the mean basal spacing as a function of Al/Si in C-(N,K-)A-S-H and (Al-
)tobermorite [65,135–140] . C-A-S-H with Ca/Sitarget at 1.0. * indicates two reflections. The dash 
lines are shown only as an eye-guide 

The changes in the structure upon the addition of Al have been investigated by Si and 

Al-solid state NMR, by FTIR and Raman as well as by XANES. Detailed Si and Al-solid 

state NMR investigations of these samples have recently been published by Yang et 

al. [45] and showed that at Ca/Si = 1.0, Al in C-S-H was mainly bound as Al(IV) in the 

bridging sites, with only minor amounts (< 10%) of Al(VI) present at all pH values and 

Al contents investigated. In addition, minor amounts of secondary phases were 

observed at low NaOH and/or high Al concentrations, in agreements with the XRD and 

TGA results reported here. The presence of Al increased the total chain length 

considering both Si and Al but did not increase the length of the silica chain only [45].  

Figure 22 (a) illustrates the effect of Al on C-N-(A-)S-H based on FTIR spectroscopy. 

The vibrations from secondary phases were not discussed here since the maximum 
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secondary phase is lower than 8 wt %, such that they are hidden by the bands from C-

A-S-H (see Table 3). The vibrational spectra can be divided into two regions: the bands 

in the region 800-1200 cm-1 are due to stretching vibration of O-Si and or O-Al, while 

from 400 cm-1 to 800 cm-1, the spectra have contributions from SiO4 and/or AlO4 

deformation, bending vibrations of the O-Si-O and/or O-Al-O groups in the dreierketten 

chains and from water liberations [34,102,141], as detailed in Table 3. The most 

intensive band is moving from 933 cm-1 to 947 cm-1 in the presence of additional Al in 

0.5 M NaOH. This movement to higher wavenumbers is also observed in 0.1 M and 1 

M NaOH (see Figure 47). Similarly, the shoulder at ~ 1050 cm-1, indicating the 

stretching vibration of O-Si and/or O-Al in Q2 position, is moving to a higher 

wavenumber as well the bridging Q2
b band which shifts from 920 cm-1 (in the absence 

of any Al [141]) to 880 cm-1 at Al/Siinitial = 0.2. This shows a higher polymerization 

degree of the silicate chains [33,142] due to the addition of Al, which increases the 

total (Al+Si)/Ca ratio. In fact, the intensity of the Q1 signal (band at ~ 810 cm-1 and at 

490 cm-1) is decreasing as more Al is present, while the Q2
b signal at ~920 cm-1 

increases  confirming the increase of the connectivity also observed by NMR [45] and 

the Al-uptake in the bridging sites of C-S-H.  

The Raman spectra in Figure 22 (b) show that the intensity of the peak at 316-333 cm-

1 from vibrations of Ca-O [106][107] decreases and broadens with increasing Al/Siinitial. 

A peak assigned to internal deformation of the Si-tetrahedra [106] or to O-Si-O bending 

[107] is visible at 445 cm-1, while a main Si-O-Si symmetrical bending peak is present 

at 670 cm-1. The presence of Al had only a very weak effect on the positions of these 

peaks, but had clear effect on the intensity of the signals assigned to Q1 and Q2 sites. 

The Si-O symmetrical stretching (SS) band at ~ 840 - 940 cm-1, assigned to SS Q1 

[22,106,107], decrease in intensity with Al/Siinitial indicating less Q1. In contrast, the 

peak area of the signal at ~ 950 - 1040 cm-1, assigned to SS Q2 [22,106,107], increases 

with Al/Siinitial confirming the FTIR data presented above and the solid state NMR [45]. 

The peak width of these Si-O silicate Q1 and Q2 signals broadens, which indicates a 

higher degree of disordering in the silicate chains [109,143], due to the presence of 

more different Q2 species (Q2
p, Q2

b, and Q2
p(1Al)) with additional Al in C-A-S-H. The 

peaks located at 1065 cm-1 are attributed to the C-O SS vibrations from 

hemicarboaluminate [22]. 
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A small peak located at 602 cm-1 appeared at Al/Siinitial = 0.1 and increased 

systematically with additional Al. A peak at similar Raman shift has been reported for 

tobermorite [106] and Al-tobermorite [12,127], where it has been assigned to Q3 or 

Q3(1Al). However, in the C-A-S-H phases analyzed here, no Q3 signal has been 

observed from 29Si NMR [45], such that this signal is tentatively assigned to Al-O-Si 

symmetrical bending. A sharp peak at 477 cm-1 present at Al/Siinitial = 0.05 and signals 

437 cm-1, 1114 cm-1 and 2410 cm-1 and 810 cm-1 are tentatively assigned to signals 

from secondary phases.  
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Figure 22 (a) FTIR and second derivative and (b) Raman spectra of C-N-(A-)S-H with target 
Ca/Si=1.0 after an equilibration time of 1 year with different initial Al/Si, synthesized in 0.5 M 
NaOH. Normalized to the most intensive band at ~ 970 cm-1 of FTIR and ~ 670 of Raman. *, 
†: unidentified peaks from secondary phases.  

Table 3. Assignments of FTIR spectra for C-A-S-H. 
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deformation
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*
†

*

FTIR 

Absorption 

band (cm-1) 

Assignment of vibration References  

400-550 Deformation of Si and/or Al tetrahedra [33,102] 

~ 480a Deformation of  Si and/or Al tetrahedral (Q1) [141] 

~ 480a O-Si-O and/or O-Al-O bending [144] 

~ 525 Si-O-Si and/or Al-O-Si bending [144] 

~ 525 Deformation of Si(Al) tetrahedral and water 

librations 

[102] 

670 
Si-O-Si and/or Al-O-Si (O-Si-O) bending and 

water librations 
[33,102] 

810a Si-O and/or Al-O stretching of Q1 tetrahedra  [33] 

920a Si-O and/or Al-O stretching of Q2 tetrahedra  [102,141] 

960 Si-O and/or Al-O stretching modes  [102] 

1050a Si-O and/or Al-O stretching of Q2 tetrahedra  [141] 

~810, ~537 Al-O vibration from katoite [145,146] 
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a: bands visible as a shoulder.  

. Table 4. Assignment of Raman spectra for C-A-S-H. 

 

The local structure and coordination geometry of Al sites in C-A-S-H samples were 

further investigated by Al K-edge XANES spectra. Katoite (C3AH6), AFm-CO3 (as a 

structural analogue to strätlingte) and CaO·Al2O3 (CA) were characterized for 

comparison. The Al sites in both C3AH6 and AFm-CO3 are octahedrally coordinated 

Al(VI) with a main signal C at 1572 eV in the XANES spectra, while the main signal C 

of tetrahedrally coordinated Al(IV) of CA appeared at a lower energy of 1565 eV (see 

Figure 23 (a)). The peaks A, C and E in Figure 23 (a) correspond to the transitions of 

1s to 3s-like, 3p-like and 3d-like states, respectively, while peak D corresponds to the 

multiscattering within adjacent neighbor shells [150,151]. The 1s to 3s-like transition is 

forbidden for the tetrahedral geometry of Al and thus results in weak peak A intensity, 

while it is permitted in the case of octahedral geometry due to the hybridization of s 

and p orbitals [150,151]. Thus, peak A is quite weak in Al(IV) predominated 

environments (e.g., CA and C-A-S-H), whereas it is more visible in C3AH6 and AFm-

CO3 where Al(VI) is predominant. The position of peak C for Al(IV) in CA is a few eV 

lower than the position for octahedral Al(Vl) in C3AH6 and AFm-CO3, in good agreement 

with previous studies [150–155]. 

~536,~ 

670,~954  

Al-O vibration from Hc and Mc [145] 

~ 1360 C-O vibration from Hc and Mc [145] 

~ 3660 H-O vibration from katoite [145,146] 

Raman shift (cm-1) Assignment of vibration References  

316 - 333 Ca-O lattice vibration [107] 

445 internal deformation of the Si-tetrahedra [106] 

445 O-Si-O bending  [107] 

477 'breathing' vibrations of the 4-membered 

rings 

[147,148] 

~ 600 Si-O-Al symmetrical bending [22,106,107] 

~ 670 Si-O-Si symmetrical bending  [22,106,107] 

~ 840 Si-O Q1 symmetrical stretching [22,106,107] 

~ 950 Si-O Q2 symmetrical stretching [22,106,107] 

1065 
C-O symmetrical stretching from 

hemicarboaluminate  
[22] 

2881, 2933, 2976 νs(CH2), νs(CH3), ν′s(CH3) from ethanol [149] 
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Iterative-target transformation factor analysis (ITFA) of the Al K-edge XANES dataset 

was performed to quantify the proportions of Al-containing components. XRD results 

suggest that the solid products mainly consist of C-A-S-H, katoite, and AFm phases. 

In combination with the assessments on the indicators of theoretical error functions 

(Table 20) and the principal component analysis (PCA), the number of abstract spectra 

(Figure 55) to reproduce the Al K-edge XANES spectra of C-A-S-H samples is 

determined to be three. Via iterative target test (ITT), the three components were 

identified as C-A-S-H, katoite, and AFm-CO3, in good agreement with the XRD results. 

C-A-S-H with Al/Siinitial 0.05, having no visible impurity in XRD and TGA analysis, was 

used as reference of pure C-A-S-H in ITFA analysis. The quantitative fitting results of 

ITFA are shown in Table 20; the fitting curves together with the experimental spectra 

of C-A-S-H with Al/Siinitial 0.1, 0.15, and 0.2 are illustrated in Figure 5a. In accordance 

with XRD Rietveld analysis, ITFA analysis shows that majority of the solid phase is C-

A-S-H and maximum amount of Al in secondary phases is about 15%. With increasing 

Al/Si ratios, the intensity of peak C of C-A-S-H samples becomes stronger, partially 

related to the growing proportion of secondary phases such as katoite and AFm 

phases. A directly proportional relation can be found in the amount of secondary 

phases from quantification by ITFA and Rietveld analysis (see Figure 24).  

With increasing Al/Si ratios, the C-A-S-H sample spectra were reproduced less 

satisfactorily (Figure 23 (a)), characterized by more differences compared to the fitting 

curves in the peak C region. It indicates some contributions from other coordination 

environments of Al sites not included in the ITFA fitting. The local structures of Al sites 

in C3AH6 and AFm-CO3 are well known and not expected to change with the Al/Si 

ratios, which is, however, not the case for C-A-S-H samples. Thus, the fitting difference 

could result from changes of the Al coordination environment and/or Al content in C-A-

S-H samples.  

To further investigate the relationship between the XANES spectrum features and the 

local structures of Al sites in C-A-S-Hs, the theoretical Al K-edge XANES spectra were 

calculated based on the atomic structures of different possible Al-centered C-A-S-H 

structures, including Al(IV) in bridging site without neighboring cations, Al(IV) in 

bridging site with a neighboring Ca,  and with a neighboring Na, loosely bound Al(VI) 

without neighboring cations, Al(VI) with neighboring Ca, with neighboring Na and Al(VI) 

at end-of-chain, Q1, position. As shown in Figure 23 (b), the theoretical spectra differ 
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clearly between the coordination geometries, i.e., Al(IV) and Al(VI), in both shape and 

peak position. The Al(VI) spectra are characterized by a strong peak at ~1571 eV, 

distinct from the main peak of Al(IV) spectra at ~1566 eV. However, different second 

neighboring atomic shells near Al(IV) or Al(VI) have no obvious effect on the calculated 

spectra, which might be explained by not good enough resolution of spectrum 

calculation or not large enough influence of the second neighboring shell on Al K-edge 

XANES spectra of C-A-S-H, in particular considering that the second neighbors are 

light elements with little difference in mass number. The comparison between the 

calculated spectra and the fitted experimental spectra indicates prevailing Al(IV), which 

is in agreement with the Al-NMR data of these samples [45]. Note that the fitting 

difference is located at the same energy range as the white-line peak of Al(VI) 

coordination environments. Thus, the missing contribution of Al sites in ITFA should 

be Al(VI) sites in C-A-S-H, which would indicate that with increasing Al/Si ratios, the 

amount of Al(VI) sites in C-A-S-H increases or that chemical environments of Al(VI) 

changes with the initial Al/Si.  

 

Figure 23 (a) Al K-edge XANES spectra for C-A-S-H synthesized in NaOH 0.1 M and reference 
spectra for CA, C3AH6 and CO3-AFm. Black and red lines: experimental spectra; blue lines: 
ITFA fits. (b) Comparison between selected experimental Al K-edge XANES spectra (with 
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fitting curves in blue) and calculated spectra for tetrahedral and octahedral Al with different 
chemical environments.  

 

 

Figure 24. Comparison between component fraction from ITFA analysis and Al fraction from 
Rietveld quantification.  

 

The Al/Si ratio affects also the composition of the solutions as shown in Figure 25, 

where changes of Ca, Si and Al concentrations are plotted as a function of the Al/Si in 

the solid. An increase of the Al/Sitarget ratio leads to higher dissolved aluminium 

concentrations, while the silicon concentrations are only moderately increased 

indicating a lower tendency of Al than of Si to be taken up in C-A-S-H. The presence 

of additional aluminium also decreases the calcium concentrations. The measured 

dissolved concentrations are compared to the results of thermodynamic modelling 

using the CASH+ model [61–63]and a good agreement is observed as shown in Figure 

25(a).  

As at Ca/Sitarget = 1.0 aluminium is taken up mainly as tetrahedral Al(IV) in the 

“dreierketten” chains [45] (Figure 23), an uptake of aluminium is expected to have a 

similar effect as the presence of more silica (Figure 25b): a higher silicon concentration 
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and lower calcium concentration corresponding to longer silica chains due to an 

increase of the fraction of bridging tetrahedra. Figure 25(b) shows that the measured 

trends are much better reproduced accounting for the effect of Al and Si separately (C-

A-S-H), than if the effect of Al is considered to be the same as the effect of Si (C-S-H). 

While little difference is predicted at low Al contents (Ca/(Al+Si) ≥ 0.95), a higher 

(Al+Si) concentration is predicted for C-A-S-H than for C-S-H, which confirms a lower 

tendency of Al than of Si to be in C-A-S-H at 0.81< Ca/(Al+Si) < 0.95.  
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Figure 25 Measured (symbols) and calculated (lines) concentrations of Ca, Si and Al in 
solutions equilibrated with target Ca/Si=1.0 in KOH 0.5 M as a function of (a) Al/Si ratios and 
(b) Ca/(Al+Si). The equilibration time is 3 months. Orange squares: Ca, blue triangles: Si and 
red diamonds: Al, empty ones are C-A-S-H samples and the filled ones are C-S-H samples 
from [141]. The estimated relative uncertainty of the IC measurements is ±10%. . Lines: 
simulated using the thermodynamic CASH+ model[61–63], dashed lines: simulated C-A-S-H 
and solid lines: simulated C-S-H without Al .  

 

Figure 26 illustrates the distribution of Al between C-A-S-H, aqueous phase and 

different secondary phases as a function of the initial Al content. At lower Al nearly all 

aluminum (> 99.9 %) is present in C-A-S-H. The fraction of Al bound in C-A-S-H 

decreases at higher Al concentrations as secondary phases precipitate for both 

solutions containing NaOH and KOH.   

 

 

Figure 26 Al fraction in C-A-S-H, aqueous phase and different secondary phases for target 
Ca/Si = 1.0 after 3 months and 1 year equilibration in the presence of 0.5 M alkali hydroxide. 
Empty symbols: sample synthesized for 3 months and equilibrated in 0.5 M Na OH, solid 
symbols: sample synthesized for 1 year and equilibrated in 0.5 M NaOH, patterned symbols: 
sample synthesized for 3 months and equilibrated in 0.5 M KOH. The dash lines are shown 
only as an eye-guide 
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4.2.2. Influence of NaOH and KOH 

Increasing concentrations of NaOH lower the amount of secondary phases as shown 

in Figure 27 (a) and (b). While in 0.1 M NaOH strätlingte and katoite are present, in 1 

M NaOH only katoite was present. Rietveld analysis indicates that the amount of 

secondary phases reduces from 7.0% katoite plus 5.2% strätlingte in 0.1 M NaOH to 

1.9% katoite in 0.5 M NaOH and 1.0% katoite in 1 M NaOH. This is due to the 

destabilization of strätlingite with increasing pH values as illustrated in Figure 20. 

Figure 27 indicates also that the presence of alkali hydroxide shows no significant 

influence neither on the amount of water in C-A-S-H (see main water loss up to 300 °C 

in TGA) nor on the basal spacing observed by XRD for C-A-S-H, see also Figure 21. 

However, a somewhat more narrow d001 reflection is observed in 1 M NaOH compared 

with 0.5 M, which could indicate a more ordered structure of C-A-S-H along the c-axis 

and/or more stacking layers in c-axis direction [100,141]. Such a narrower d001 

reflection has been observed previously for C-S-H without Al at higher NaOH 

concentrations [141], which has been assigned to an increased stacking in c-direction 

at higher pH values.  

Figure 27 (c) shows that increased NaOH concentrations shift the most pronounced 

FTIR band at 950 cm-1 to lower wavenumbers (redshift from 957 cm-1 to 943 cm-1), 

indicating that additional NaOH depolymerizes the silicate chains [33,142], in 

agreement with the effect observed by Si-NMR [45] and the observations for C-S-H 

without Al [141]. Also the intensity of the stretching vibration of O-Si and/or O-Al from 

Q1 signal located at ~ 810 cm-1 and the bending vibration of O-Si-O and/or O-Al-O 

[144] or the deformation of Si and/or Al tetrahedral [33,102] of Q1 signal located at ~ 

480 cm-1 increase, indicating the presence of more Q1 silica and thus a shortening of 

the silica chain length. At higher NaOH concentration the shoulders located at ~ 900 

cm-1 and 1020 cm-1 are more visible, which indicates peak splitting due to lowering of 

the symmetry resulting from the transformation of structural equivalent sites into 

groups of non-equivalents sites [34]. This lowering of the symmetry seems to be 

caused by the presence of increasing amounts of Na+ in the interlayer, i.e. by the 

changes in the second coordination sphere [34].  
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Similar conclusions can be drawn from the Raman spectra Figure 27 (d). The area of 

the SS Si-O Q1 signal increases and SS Si-O Q2 signal decreases at higher NaOH 

concentrations. The C-A-S-H synthesized at 1 M and 0.5 M NaOH are more prone to 

be carbonated than the C-A-S-H at 0.1 M NaOH. The peak at ~ 600 cm-1, assigned to 

SB Si-O-Al, is more visible in C-A-S-H with 0.5 and 1 M, which indicates that increased 

substitution of Si by Al occurs in the presence of more alkali hydroxide, in agreement 

with the higher uptake observed by mass balance calculations (as detailed below), with 

density function calculations which predict a slight stabilization of Al-uptake in the 

presence of Na+ [156] as well as with recent NMR observations, which indicates a 

positive correlation between Na and Al uptake at Ca/Si ≥1.0 [45]. 
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Figure 27 (a) XRD, (b) TGA, (c) FTIR and second derivative of FTIR and (d) Raman of C-A-S-
H with a target Ca/Si of 1.0 and target Al/Si of 0.2 synthesized in NaOH from 0.1 M to 1 M after 
an equilibration time of 1 year. C: C-(K-)A-S-H; K: katoite, S:straetlingte, Cc: carbonates *: 
unidentified peak from secondary phase.   

Figure 28 shows the Al K-edge XANES spectra of C-A-S-H with initial Al/Si 0.05 

synthesized in 0.1 M NaOH for 1 year and 1 M NaOH for 3 months. These two samples 

were chosen to minimize the disturbance from secondary phases, since no secondary 

phases are visible in both samples from XRD. The energy positions of the Al(IV) peak 

in C-A-S-H remains the same independent of the NaOH concentration, although the 

peak in 0.1 M NaOH is slightly narrower. This may indicate different chemical 

environments of Al(IV) in C-A-S-H formed under different alkaline conditions, in 

agreement with recent 27Al NMR data [45]. In contrast, the shape, position and intensity 

of the Al(VI) peaks in C-A-S-H varies and an additional signal at 1568 eV is observed, 

which could suggest that the content and chemical environment of octahedral Al in the 

interlayer of C-A-S-H also changes with NaOH concentrations. The content of Al(VI) 

sites in C-A-S-H with initial Al/Si 0.05 is likely to increase or the chemical environments 

are different with increasing NaOH addition.  
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Figure 28 K-edge XANES spectra for C-A-S-H equilibrated for 1 year in NaOH 0.1 M, C-A-S-
H equilibrated for 3 months in NaOH 1 M and calculated Al(IV) and Al(VI) spectra. 

Figure 25 showed that at constant alkali hydroxide concentration, the measured 

aqueous Al and Si concentrations increase with rising Al/Sisolid, while the Ca 

concentrations decrease, while Figure 29 illustrates the strong effect of NaOH or KOH, 

which further elevates aluminium and silica concentrations and lowers the calcium 

concentrations. The concentrations measured in this study are consistent with previous 

solubility data of C-A-S-H in NaOH or KOH solutions at 20 °C [40,48], although there 

is some scatter in the measured data points. The dissolved Al, Si and Ca 

concentrations show in the absence of NaOH and KOH as well as in their presence 

similar trends: a rise of Al and Si and a decline of Ca with increasing Al/Sisolid. This 

suggests that C-(N, K-)A-S-H solubility does not vary greatly as a function of the alkali 

cation (Na or K) present, but that the concentrations are just shifted at higher pH 

values, due to the common ion effect with C-S-H between hydroxide, Al, Si and Ca. 

The measured Al, Si and Ca concentrations (data in Table 9) and their trends are in 

general well reproduced by thermodynamic modelling using the recent CASH+ solid 
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solution model [61–63]. In agreement with the experimental data, the use of NaOH or 

KOH did not significantly affect the modelled concentrations.  

The thermodynamic model predicts higher Al and Si concentrations in the presence of 

alkali hydroxides due to the preference of Al to form negatively charged Al(OH)4
- 

aqueous complexes and of Si to form SiO(OH)3
- and SiO2(OH)2

2- complexes at higher 

pH values. The opposite effect can be observed for Ca concentration: in presence of 

higher concentration of alkali hydroxide, Ca concentrations decreased. 
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Figure 29 Al, Si and Ca concentrations in the solutions of the C-(A-)S-H samples as a function 

of Al/Si ratios in solid phase. The estimated absolute errors are ≤ ±0.01 units in the Al/Si ratios 

and the estimated relative uncertainty of the IC measurements is ±10%. Grey symbols: C-(A)-
S-H data from [40,48]; colored symbols: C-(A-)S-H from this study; diamonds: C-A-S-H in 
water; triangles: C-(N,K-)A-S-H with 0.1 M alkali hydroxide solution; circles: C-(N,K-)A-S-H with 
0.5 M alkali hydroxide solution, squares: C-(N,K-)A-S-H with 1 M alkali hydroxide solution. 
Lines: simulated using the thermodynamic CASH+ model [61–63]. 
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The aluminium uptake in C-S-H as a function of dissolved aluminium concentration 

and pH is shown in Figure 30. The presence of alkali hydroxide increases the fraction 

of Al in solution and decreases the fraction in C-S-H in agreement with previous 

experimental studies [26,40,41,48,49], due to the increased tendency of Al to remain 

as Al(OH)4
- in solution at higher pH values. The maximum Al/SiC-S-H of C-(N,K)-A-S-H 

is also affected by the alkali hydroxide concentration since at pH > 13 the Al 

concentrations in equilibrium with secondary phases such as katoite and strätlingite 

increase (see Figure 20). The higher Al concentrations at higher pH values allow a 

higher Al uptake in C-S-H: the maximum Al/SiC-S-H increases from 0.09 in alkali free 

solution [48] to 0.13 in 0.1 M NaOH, and to 0.17 in 1 M NaOH for C-N-A-S-H with 

Al/Sitarget = 0.2 equilibrated for 15 months. The linear relation between aluminium in 

solution and Al/Si in C-A-S-H at different alkali hydroxide concentrations in Figure 30 

indicate an Al uptake on similar sorption sites in C-S-H, independent of the Al 

concentration and pH value.  

 

 

Figure 30 Al sorption isotherm on C-A-S-H for target Ca/Si = 1.0 synthesized in different alkali 
hydroxide and recorded after different equilibration times. Colorful symbols: C-A-S-H from this 
study, grey symbols. C-A-S-H data adapted from [40,48] 

0.005

0.05

0.5

0.002 0.02 0.2 2

A
l/

S
i 

in
 C

-S
-H

Al concentration in solution (mM)

3m NaOH 0.1 M [this study]

1y NaOH 0.1 M [this study]

3m NaOH 0.5 M [this study]

1y NaOH 0.5 M [this study]

3m NaOH 1 M [this study]

1y NaOH 1 M [this study]

3m KOH 0.5 M [this study]

3m alkali free [L’Hôpital 2015]

6m alkali free [L’Hôpital 2015]

6m KOH 0.25 M [L’Hôpital 2015]

1y KOH 0.25 M [L’Hôpital 2015]

6m KOH 0.5 M [L’Hôpital 2015]

1y KOH 0.5 M [L’Hôpital 2015]

3m alkali free [Barzgar 2020]

3m NaOH 0.1 M [Barzgar 2020]

3m NaOH 0.5 M [Barzgar 2020]

3m NaOH 1 M [Barzgar 2020]

182 days intermixed

91 days intermixed samples

Alkali free

0.1 M

0.5 M

1 M
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The Al uptake in C-S-H is also described by distribution coefficients, Kd values, which 

depict the relative affinity of Al to sorb on C-S-H as shown in Figure 31. While in the 

absence of alkali hydroxides, Kd values of 55±40 m3/kg are observed, they decrease 

strongly to approximately 2 in 0.1 M NaOH, to 0.6 in 0.5 M NaOH and to 0.3 in 1 M 

NaOH. The decrease of Al uptake at higher pH values is in accordance with [40], and 

can be explained mainly by the fact that prefers to be dissolved as Al(OH)4
- species in 

solution at higher pH values, which lowers the tendency of Al to be sorbed by C-S-H. 

The mean Kd value of ≈ 600 m3/kg reported for similar C-A-S-H samples with Ca/Si = 

0.8 [157] is significantly higher, which could indicate a strong effect of Ca/Si on the Kd 

values of Al on C-S-H.   

 

Figure 31. Effect of pH on the Kd values of Al on C-S-H with Ca/Si = 1.  
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4.3. Conclusions 

In this chapter we studied the effect of Al and of KOH and NaOH concentration on the 

structure and solubility of C-S-H with Ca/Si = 1.0. XRD, TGA and ITFA analysis of 

XANES show the presence of more secondary phases at higher Al contents and at 

lower pH values. The uptake of Al increases the interlayer distance of C-A-S-H, much 

stronger than observed in Al-tobermorite [65], indicating that the increase of the 

negative charge due to the uptake of AlO4 in the bridging tetrahedra increases the 

basal spacing. The uptake of Al in the bridging tetrahedral of the silica chain results in 

more Q2 and less Q1 sites as observed by FTIR and Raman spectroscopy, indicating 

longer dreierketten chains in C-A-S-H. In agreement with Al NMR studies [45], XANES 

data show that Al in C-S-H with Ca/Si = 1 is present as tetrahedral Al independent of 

the Al concentration or pH values.  

More initial Al increases both the dissolved Al and Si concentrations due to their 

competition for uptake in the bridging sites in the silica chain and lowers the Ca 

concentrations in the aqueous phase. The aqueous data show a slight preference of 

Si over Al for uptake in the bridging sites of C-A-S-H, although under all conditions 

studied, Al is predominantly bound in C-A-S-H in 0.5 M NaOH: Al/Siinital ≤ 0.05 Al in C-

A-S-H > 99% , which decreases to > 70% at Al/Siinital  = 0.2 due to the formation of 

secondary phases.  

Higher NaOH or KOH concentrations progressively destabilize stratlingite to katoite 

and reduce the amount of secondary phases. In the C-A-S-H phase less Q2 and more 

Q1 silicate are observed at higher pH indicating a shortening of the silica chain length. 

XANES spectra show the presence of predominantly Al(IV) in the absence of alkali 

hydroxide, but more Al(VI) at higher pH values. High pH values also change the spectra 

of octahedrally bound Al(VI) but less of tetrahedral Al(IV).  

Higher pH values increase the aqueous Al and Si concentrations and lower the Ca 

concentrations. The higher Al concentration lead to a higher fraction of Al bound in C-

A-S-H. The linear correlations between the aluminium concentration in solution and 

Al/Si in C-A-S-H indicate that Al is taken up at similar sorption sites in C-S-H 

independent of Al concentration or pH values. The distribution coefficients of Al on C-

S-H strongly decrease with increasing pH values.  



Chapter 4: Al uptake in calcium silicate hydrate (C-S-H) and the effect of pH 
 

90 
 

The comparison of the measured concentrations with those predicted by 

thermodynamic modelling using the CASH+ model, showed in general a good 

agreement, thus providing an independent validation of this only very recently 

developed thermodynamic model for aluminium and alkali uptake in C-S-H.  

. 
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CHAPTER 5: Effect of time on Al uptake in calcium silicate hydrate3 

5.1. Introduction 

The equilibration time [151,158] as well as the preparation method [159–161] can 

influence the kind of hydrates formed and also the composition of the hydrates. In the 

experimental setup chosen, precipitation from CaO, CaO·Al2O3 (CA) and silica fume 

(SiO2), it can be expected that in all cases the system is dominated initially by a high 

availability of CaO, while SiO2 will be released much slower due to the slower reactivity 

of silica fume compared to CaO (or Ca(OH)2). Thus in all cases the initial C-S-H formed 

is expected to be Ca–rich and to convert slowly to a Ca poorer C-S-H depending on 

the target Ca/Si of the individual experiments. This is similar to the changes observed 

in blended cements, where the relatively fast alite reaction leads to a high CaO 

availability at early times, while the silica rich SCMs react considerably slower. The 

reactivity of CaO·Al2O3 is higher than that of silica fume, such that the systems studied 

here are initially also rich in aluminum, leading to relatively high initial Al-concentration 

and thus to the formation of secondary phases which decompose only slowly.   

The present chapter aims to study the composition of C-S-H formed under these 

conditions and the uptake of aluminum as a function of time. 

5.2. Results and discussion 

Different C-A-S-H phases with target Ca/Sitarget from 0.6 to 1.6 were studied. The effect 

of time is in the following discussed mainly based on Ca/Sitarget = 0.6, 1.0 and 1.4 as 

typical low, intermediate and high Ca/Si C-S-H phases.  

5.2.1. Effect of time on solid phases 

5.2.1.1. Solids present 

Figure 32 shows the solid phase evolution from XRD and TGA. C-A-S-H is the main 

phase in all cases, independent of the Ca/Sitarget and equilibration time. At Ca/Sitarget = 

0.6, 1.0 and 1.4, initially portlandite precipitated and is observed after 6 hours. After 1 

day, i.e. when more silica fume has reacted, less portlandite is observed and 

                                            
3 This chapter will be submitted as a manuscript to Cement and Concrete Research: Effect of 
time on Al uptake in calcium silicate hydrate. 
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portlandite is completely consumed after 7 days at Ca/Sitarget = 0.6 and 1.0, while at 

Ca/Sitarget = 1.4 portlandite is present and its quantity remains constants up to 1350 

days. The formation of some katoite is observed in most C-A-S-H samples after 1 (at 

Ca/Sitarget 1.4) or 3 days and longer, which indicates the formation of katoite is fast. 

Hemicarbonate and monocarbonate are identified in some samples and their presence 

is attributed to minor carbonation during sample preparation, drying and measurement. 

At Ca/Sitarget = 0.6 after 3 years of equilibration, the formation of gismondine-P1 

(Na6Al6Si10O32·12H2O), a small amount portlandite as well as another unidentified 

phase is observed (see ♦ in Figure 32), indicating that at low Ca/Si content and high 

alkali concentrations in the long-term zeolitic phases can form, in agreement with other 

long-term experiments [84]. The presence of portlandite in addition to gismondine-P1 

may indicate the heterogeneity of the C-A-S-H suspension.  

The TGA shows a main water loss between 30 - 300 °C from interlayer and structurally 

bound water in C-A-S-H. The water loss of C-A-S-H increases from 6 hours to 1 day 

for all Ca/Sitarget while little changes are observed afterwards up to 3 years (except for 

Ca/Sitarget = 0.6 where gismondine-P1 had formed). A hump at 400-500 °C, marked 

with ♥, is observed at Ca/Sitarget = 1.0 at longer equilibration times and tentatively 

assigned to the thermal decomposition of more ordered water in C-N-A-S-H because 

none of the other phases identified by TGA, XRD presented here or by Al and Si NMR 

can explain the weight loss associated at this temperature. Similar weight losses have 

also been observed for C-N-A-S-H in the presence of high concentrations of NaOH 

[42,50] or for samples equilibrated at 50 and 80°C [47]. TGA indicates also minor 

carbonation (weight loss < 0.6%) in some samples during sample preparation, storage 

and/or analysis as visible in the region from 600-800 °C. The peak marked with † above 

800°C is assigned to the water loss due to the decomposition of C-K-(A-)S-H to 

wollastonite (CaSiO3) [47,129]. 
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Figure 32. XRD and TGA of C-A-S-H with (a) and (b) target Ca/Si=0.6, (c) and (d) target 
Ca/Si=1.0, (e) and (f) target Ca/Si=1.4 synthesized in NaOH 0.5 M with initial Al/Si 0.1, 
equilibrated for different time from 0.25 day to 1350 day. C: C-N,K-(A-)S-H, K: katoite 
(Ca3Al2(OH)6, PDF# 00-024-0217), Hc: hemicarbonate (Ca4Al2(OH)12(OH)(CO3)0.5(H2O)5, 
PDF# 00-029-0285), Mc: monocarbonate (Ca4Al2(OH)12(OH)(CO3)(H2O)5, PDF# 00-029-
0285). G: gismondine-P1 (Na6Al6Si10O32∙12H2O), P: portlandite; ♦: unidentified phase. ♥: The 
weight loss from C-A-S-H Ca/Si = 0.6 and 1.0 at later ages is tentatively assigned to C-N-A-S-
H, as portlandite is absent in XRD and FTIR, and the solutions are strongly undersaturated 
with respect to portlandite. †: The weight loss from C-A-S-H synthesized for 90 day* between 
850 and 900 °C in (d) is assigned to phase transformation of C-N-A-S-H to wollastonite. C-A-
S-H equilibrated for 0.25- 90 days: synthesized with water/solid = 45, C-A-S-H equilibrated for 
90*, 450* and 1350* days: synthesized with water/solid = 40. 

Figure 33 summarizes the effect of time on the portlandite content in solid phase and 

as expected more portlandite is formed at higher Ca/Si. After 6 hours of hydration, 

portlandite is observed at every target Ca/Si, which indicates the initial precipitation of 

portlandite at all target Ca/Si. Due to the reaction of SiO2 most of the portlandite is 

consumed during the first day, a limited further reduction is observed from 1 day to 14 

days while after 14 days the portlandite content show little variations.  

 

Figure 33. Portlandite content evolution in solid phases 

5.2.1.2. C-A-S-H structure 
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32 (a) (c) and (e) show no significant difference at different equilibration time, indicating 

that the equilibration time has little influence on the interlayer distance in C-A-S-H. 

However, at Ca/Sitarget = 0.6 and 1.0 the broad reflection, d101, at ~ 17° 2θ ( d-spacing 

~ 5 Å), which indicates the occupation of the bridging sites in the silica chain, is better 

visible after 3 days and longer, indicating the rearrangement from the initial high Ca/Si 

C-S-H with mainly silica dimers to longer dreierketten chains with time.  

The FTIR spectra of all C-A-S-H with Ca/Sitarget = 0.6, 1.0 and 1.4 in Figure 34 show 

the presence of some unreacted silica fume after 6 hours, which has largely reacted 

after 1 day, indicated by the disappearance of the very broad bands between 1050 to 

1300 cm-1 related to the presence of Q3 and Q4 in silica fume. The band located at 670 

cm-1, related to O-Si-O and/or O-Al-O bending and water librations, increases from 6 

hours to 3 days for all C-A-S-H phases and no significant changes are observed 

afterwards, indicating that C-A-S-H formed mainly during the first 3 days of hydration.  

The formation of C-A-S-H is visible by the main bands with a maximum between 950 

to 960 cm-1. For C-A-S-H with Ca/Sitarget = 0.6 the most intensive band is moving from 

957 cm-1 at 6 hours to 963 cm-1 at 1 day, then moving back to 961 cm-1 after 3 months 

and longer, as shown in Figure 34 (a). In contrast, for C-A-S-H with Ca/Sitarget = 1.0 the 

signal moves from 957 cm-1 at 6 hours to 940 cm-1 at 1 day and then back to 946 cm-1 

after 3 years of hydration (Figure 34 (b)) and for C-A-S-H with Ca/Sitarget 1.4 the signal 

moves from 952 cm-1 at 6 hours to 937 cm-1 at 1 day and then back to 952 cm-1 after 

3 years of hydration (Figure 34 (c)).  

At Ca/Sitarget = 1.0 and 1.4 the dissolution of the silica fume after 1 day and longer leads 

to a higher polymerization degree as visible by the shift to higher wavenumbers 

[33,141]. The replacement of silica by alumina in C-S-H lowers the wavenumber of Si-

O stretching [34]. For C-A-S-H with Ca/Sitarget = 0.6 in Figure 34 (a), the shoulders 

located at about 915 cm-1 and 1050 cm-1, assigned to the Si-O stretching of Q2 silicate 

(and or aluminate) tetrahedra, start to be observed after an equilibration time of 1 day 

and increase until 90 days, confirming a higher polymerization degree with longer 

equilibration time and shows good agreements with the shift of the peak at ~ 960 cm-

1. For C-A-S-H with Ca/Sitarget = 1.0 and 1.4 in Figure 34 (b) and (c), the shoulders are 

less visible because of the low amount of Q2.  
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The intensity of the Q1 signals located at 815 cm-1 and at 490 cm-1 increases rapidly 

between 6 hours to 1 day for C-A-S-H with Ca/Sitarget = 1.0 and 1.4, and more slowly 

up to 3 days due to the formation of more C-S-H. At longer reaction times, however, 

this Q1 signal decreases in intensity, indicating a slow polymerization of the silicate 

chains with time.  
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Figure 34. FTIR and second derivative spectra of C-A-S-H with Ca/Sitarget = (a) 0.6, (b) 1.0 and 
(c) 1.4 after different equilibration time synthesized in 0.5 M NaOH. Normalized to the most 
intensive band at ~ 970 cm-1 of FTIR. C-A-S-H equilibrated for 0.25- 90 days: synthesized with 
water/solid = 45, C-A-S-H equilibrated for 90*, 450* and 1350* days: synthesized with 
water/solid = 40.  

Figure 35 shows the effect of time on the Al content in C-A-S-H with Ca/Si = 1 and in 

secondary phases. The 27Al MAS NMR spectra shows resonances from Al in 

tetrahedral (50-80 ppm) and octahedral (0-20 ppm) coordination and a low amount of 

aluminum in pentahedral coordination. Two tetrahedral resonances at 74 and 65 ppm 

are observed and assigned to the Al(IV) in the bridging sites of silicate chains [45]. In 

the octahedral region, resonances at ~11.5, 10, and 6.5 ppm are observed, which 

correspond to secondary phases of katoite, AFm phases and Al(VI) sites associated 

with C-A-S-H phase [45]. The deconvolution of the signals allowed to roughly quantify 

the amount bound in the different sites as shown in Table 5 (27Al MAS NMR spectra 

and their deconvolutions are detailed in Appendix H. While initially approximately 1/3 of 

the Al was present in secondary phases, its fraction decreased with hydration time, 

while the amount of Al(IV) incorporated in the bridging sites of C-S-H increased clearly 

up to 3 days as more C-A-S-H precipitates, in agreements with the FTIR results. The 

quantities of Al(V) and Al(VI) in C-S-H showed some variation, but were in tendency 

higher after 3 and 1 years.  
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Figure 35. Effect of time on the 27Al MAS NMR of the C-A-S-H with Ca/Sitarget = 1.0 synthesized 
in 0.5 M NaOH. C-A-S-H equilibrated for 0.25- 90 days: synthesized with water/solid = 45, C-
A-S-H equilibrated for 90*, 450* and 1350* days: synthesized with water/solid = 40. 

 

Table 5. Fractions of Al(IV), Al(V), and Al(VI) obtained by deconvolution of the 27Al NMR 
spectra in C-S-H with Ca/Sitarget = 1.0. C-A-S-H equilibrated for 0.25- 90 days: synthesized with 
water/solid = 45, C-A-S-H equilibrated for 90*, 450* and 1350* days: synthesized with 
water/solid = 40. 

hydration time 
(day) Al(IV) (%) 

C-A-S-H 
Al(V) (%) Al(VI) (%) 

Al(VI) in 2nd 
phases (%) 

0.25 47±3 6±1 11±1 36±2 
1 63±3 3±1 10±1 25±2 
3 71±4 4±1 10±1 15±1 
7 73±4 4±1 8±1 15±2 

14 73±4 4±1 6±1 18±2 
28 71±4 4±1 7±1 18±2 
90 69±4 4±1 9±1 17±2 
90* 80±4 4±1 7±1 9±1 

450* 55±3 3±1 14±1 29±2 
1350* 64±3 5±1 14±1 18±2 

5.2.2. Effect of time on aqueous phases 

Figure 36 shows the effect of equilibration time on the dissolved Al, Si and Ca 

concentrations in solution. At Ca/Sitarget = 0.6, the Al concentration increases rapidly 
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from 1 mM at 6 hours to 2 mM at 1 day and then stays relatively constant up to 1 year. 

The Si concentration increases from 1 mM at 6 hours to 36 mM at 1 day and 54 mM at 

3 days, and decreases slowly up to 3 years equilibration time. As expected the initial 

Ca concentration is with 0.4 mM at 6 hours relatively high and decreases rapidly to 

0.01 mM after 1 day. The Ca concentrations continue to decrease slightly up to 3 

months, but increase slowly again to 0.04 mM after 3 years, tentatively indicating the 

formation of an additional solid after 1 year and longer. The early decrease in Ca 

concentration underlines the fast CaO reaction, while the increase of Si up to 3 days 

mirrors the slower the dissolution progress of silica fume. The minor changes observed 

up to 3 months are then related to the slow restructuring of C-S-H as observed by NMR 

and FTIR.  

In contrast, at Ca/Sitarget = 1.0, where much less silica fume has been added, the silicon 

concentrations are lower and calcium concentrations higher. Relatively high Ca 

concentrations of ≈ 1 mM are measured after 6 and 24 hours, due to fast reaction of 

CaO and the initial formation of portlandite which dominates the Ca concentration up 

to 24 hours of hydration. At later times the Ca is consumed by C-S-H and the gradual 

changes in Ca and Si concentration point again towards a slow restructuring of C-S-H 

over months to years. The Al concentrations decrease slowly indicating a slow uptake 

of Al in the solids up to 3 years.  

At Ca/Sitarget = 1.4, the Ca concentration is constant from 6 hours to 3 years, since it is 

dominated by the solubility of portlandite. The Si concentration decreases from 6 hours 

to 7 days, demonstrating the formation of C-S-H. The Al concentration continuous to 

decrease, indicating a slow sorption progress up to 3 years. The different 

concentrations in the aqueous phase at different Ca/Sitarget ratio show that the Ca/Si 

ratio in C-S-H plays an important role in the kinetics of C-A-S-H formation. 
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Figure 36. The evolution of dissolved Al, Si and Ca concentrations in solution for Ca/Sitarget 
ratios of (a) 0.6, (b) 1.0 and (c) 1.4 synthesized in NaOH 0.5 M with initial Al/Si 0.1 equilibrated 
for different time. Two series were studied: Series A: filled symbols: in w/s = 40; Series B: 
symbols with black border: w/s = 45. The error of the dissolved concentrations are 10% and 
the error bars are smaller than the symbols. (): outlier Ca concentration after 3 months and 1 
year. Lines are only for eye-guides 

5.2.3. Al uptake in C-S-H 

Based on the aqueous concentrations, and the amount of secondary phases quantified 

by TGA and XRD, the distribution of Al between in C-A-S-H, in solution and secondary 

phases can be plotted as shown in Figure 37. The major part of Al is bound in C-A-S-

H and less than 20% of Al stays in solution and secondary phases. For C-A-S-H with 

Ca/Sitarget = 0.6, the Al fraction in solution increases from 6 hours to 1 year and drop 

down 64% after 3 years of hydration, while the Al in C-A-S-H decreases due to the 

formation of gismondine-P1. For C-A-S-H with Ca/Sitarget = 1.0 and 1.4, the amount of 

Al in solution decreases during the first days while the amount in secondary phases 

observed by TGA and XRD seems to increase. Note that the XRD analysis 

underestimates the amount of secondary phases at early reaction times due to their 

poor crystallinity, as visible by the comparison with the Al-NMR data in Figure 37b), 

while at later ages the difference between NMR and TGA and XRD is smaller. The Al 

fraction in C-S-H shows little variation after 3 days hydration in C-A-S-H with Ca/Sitarget 

= 1.0. For C-A-S-H with Ca/Sitarget = 1.4 at longer ages, i.e. after 3 months and longer, 
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however, the fraction of Al in secondary phases observed by TGA and XRD increases 

resulting in less Al in C-A-S-H after 1 and 3 years.  
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Figure 37. Al fraction in C-A-S-H, aqueous phase and different secondary phases for target 
Ca/Si = (a) 0.6, (b) 1.0 and (c) 1.4 after different equilibration time in the presence of 0.5 M 
NaOH. Symbols without border: C-A-S-H samples synthesized in a vessel and stopped 
hydration after certain equilibration time; symbols with border: C-A-S-H samples synthesized 
independently. 

Figure 38 compares the amount of Al bound per g C-S-H and Al/Si in C-S-H for all 

Ca/Si studied. In general, the Al bound in C-A-S-H decreases with the increasing 

equilibration time from 6 hours to 7 days, although the very early results might be 

influenced by the underestimation of secondary phases by XRD and TGA (indicted by 

the shaded area). As shown in Figure 36, the Al, Si and Ca concentrations are 

changing considerably from 6 hours to 3 days hydration and as discussed in Figure 

37, in most cases, more than 80% of Al is absorbed in C-S-H, so the decreasing Al 

sorption from 6 hours to 3 days mirrors also the continuing precipitation of C-S-H. C-

A-S-H with low Ca/Sitarget takes up more Al per g C-S-H than high Ca/Si C-S-H. C-A-

S-H with Ca/Sitarget = 0.6 is able to take up to 0.79 mmol Al in 1 gram of C-A-S-H, while 

the uptake of Al is about 0.46 mmol Al in 1 gram of C-A-S-H at 3 years, because of the 

precipitation of gismondine-P1. In C-A-S-H with Ca/Sitarget = 0.8, a modest increase of 

Al uptake per g C-S-H with time is visible from 1 day up to 3 years, while in C-A-S-H 

with Ca/Sitarget = 1.0 to 1.6, no clear trend is observed. For Ca/Si > 1.0 in addition, the 

decrease of the Al concentration with time lowers the Al uptake by C-S-H. The Al 

uptake between the different Ca/Si C-S-H is comparable if plotted as molar Al/Si in C-
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S-H (Figure 38 (b)), but much higher at low Ca/Si if plotted as Al per g of C-S-H (Figure 

38 (a)), due to lower C-S-H weight per mol Si at low Ca/Si C-S-H.  

 

   

Figure 38. Effect of time on the Al sorption in C-A-S-H: (a) Al bound per g C-S-H, (b) Al/Si in 
C-S-H and (c) Al/Si in solid. The shade area after 6 hours and 1 days indicates the potential 
underestimation of Al in secondary phases.  
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The Al uptake in C-S-H can also be described by distribution coefficients, Kd values, 

which depict the relative affinity of Al to bind on C-S-H as shown in Figure 39. The Kd 

values show different trends compared with the Al uptake in per unit mass of C-S-H, 

mainly because Kd is defined as the ratio of the quantity of aluminum adsorbed per unit 

mass of C-S-H to the quantity of aluminum remaining in solution, and trend of 

decreasing Al concentration in most solutions reverses the trends. The distribution 

coefficient show a clear preference of Al uptake at high Ca/Si.   

The long-term Kd values (3 months and 1 year) are with ~ 0.3 m3/kg for Ca/Si = 0.8 

and with ~ 0.6 m3/kg for Ca/Si = 1.0 comparable to the few values reported in previous 

studies [157,162]. With longer equilibration time, the Kd values of C-A-S-H with Ca/Si 

≥ 1.0 increase and those of C-A-S-H with Ca/Si ≤ 0.8 decrease slightly. The decrease 

of Al uptake at C-A-S-H with low Ca/Si can be explained by the competition of Si and 

Al to occupy bridging sites the preference of C-S-H for Si over Al [162]. The Kd values 

of C-A-S-H with Ca/Si at 1.4 and 1.6 are comparable after 3 days of reaction and longer 

although some scatter is observed.  

 

  

Figure 39 Effect of equilibration time on the Kd values of Al on C-S-H synthesized in NaOH 0.5 
M. #: gismondine formation observed after 3 years at Ca/Si = 0.6.  
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5.2.4. Na uptake in C-S-H 

Figure 40 shows the effect of equilibration time on the Na sorption in C-A-S-H. The 

undissolved silica was not quantified so the first points at 6 hours refer to Na/Si in (C-

S-H + silica fume), while the later points refer to C-S-H only. In all cases a relatively 

low Na uptake was observed after 6 hours, which is related to the presence of less C-

S-H at this early time as well as to initial precipitation of high Ca/Si C-S-H, which binds 

little alkali ions [162]. The increased uptake of Na in C-S-H from 6 hours to 1 day is 

due to the formation of more C-S-H during the first day leading also to the presence of 

C-S-H with different Ca/Si and thus to a higher alkali uptake in the samples with lower 

initial Ca/Si.  

Interestingly in all cases, the highest Na binding is observed after one day, while it 

decreases with time. Since the aqueous phase Na concentrations are not changing 

significantly after 7 days hydration, the continuous decrease of Na sorption shows a 

rearrangement of C-A-S-H phases with time, and indicates a preference of Ca over Na 

in C-A-S-H in the long-term. The initial high binding could be related to a co-

precipitation of a relatively high amount of Na due to the high Na concentrations during 

the fast initial formation of C-S-H leading to a high Na uptake. This co-precipitated Na 

is partially released again as the C-S-H structure is rearranged towards its 

thermodynamic equilibrium composition. 

The sorption of Na in C-A-S-H with Ca/Sitarget = 0.6 shows some scatter with a 

maximum big value of 3 mmol Na per g C-S-H. At this low Ca/Si the Ca concentrations 

in solution are very low and no or very little Ca is available to compensate the negative 

charge of C-S-H [64,87], leading to a strong uptake of Na+. At higher Ca/Si, the 

competition with Ca2+ leads to a much lower uptake of Na+, and C-A-S-H phases with 

Ca/Sitarget above 1.2 have all a similar capacity to absorb Na+ in agreement with [141].  
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Figure 40. Effect of time on the Na absorption in C-A-S-H  

5.2.5. Effect of Ca/Si on kinetics of C-A-S-H 

The Ca/Si ratio affects the composition of the solutions as shown in Figure 41, where 

changes of Al, Ca and Si concentrations are plotted as a function of the Ca/Si in the 

solid. The simulated concentrations at equilibrium state are in good agreement with 

the experimental results of samples equilibrated for 90d, 450d and 1350d. The 

equilibrated Al concentration at the low Ca/Si solids is lowered in the long-term 

samples by the precipitation of gismondine-P1 below Ca/Sisolid = 0.8, which causes 

also the considerable scatter in Al concentration. Due to the gismondine-P1 formation, 

the Ca and Si concentrations also shift.  

The Al concentration at Ca/Sisolids ≥ 1.0 decreases up to 3 years of hydration, which 

indicates the long-term uptake of Al in C-S-H and secondary phases. Si and Ca 

concentration in samples with Ca/Sisolids ≤ 0.8 also show some scatter, while for 

samples with Ca/Sisolids ≥ 1.2 little variation is observed after 7 days. 
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Figure 41. Al, Ca and Si concentrations in the solutions of the C-A-S-H samples in 0.5 M NaOH 
with different equilibration time as a function of Ca/Si ratios in solid. The estimated absolute 
errors are ≤ ±0.05 units in the Ca/Si ratios. The estimated relative uncertainty of the IC 
measurements is ±10%. Symbols with color filled from light to dark: synthetic C-A-S-H data 
with equilibration time from 0.25 day to 1350 days. Solid lines: calculated concentrations using 
the thermodynamic CASH+ model, suppressing the formation of zeolitic phases, which form 
only slowly. dashed lines: considering the possible formation of gismondine-P1 
(Na6Al6Si10O32·12H2O). C-A-S-H equilibrated for 0.25- 90 days: synthesized with water/solid = 
45, C-A-S-H equilibrated for 90*, 450* and 1350* days: synthesized with water/solid = 40. 

Ion activity products (IAP) were calculated for hypothetical C-A-S-H end-members with 

chemical compositions corresponding to the bulk chemistry of the systems studied 

(Ca/Si = 0.6-1.6) and normalized to (Al+Si) = 1, using the reaction represented by: 
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where a, b, c and f are the respective stoichiometric coefficients for CaO, SiO2, Al2O3 

and H2O in the C-A-S-H end members. Thus the IAP of C-A-S-H is defined as:  
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         
2 (2 2 ) ( )

2

( ) 3( ) 2( ) ( ) 2 ( )

a b c a b c c f a

aq aq aq aq lIAP Ca HSiO AlO OH H O
   

       
              Eq. 4 

In Figure 42, the IAP calculated for C-A-S-H with different equilibration times are 

compared to the IAP of C-(A-)S-H and Al-tobermorite reported in literature [47,50,65]. 

A moderate decrease in the IAP of C-A-S-H was observed between 6 hours and 7 

days: by ≈ 0.3 log units for Ca/Sitarget = 0.8 and by ≈ 0.6 log units for Ca/Sitarget = 1.0-

1.6, while at very low Ca/Si the IAP increased. Some scatter, but no significant 

differences were observed between 7 days to 3 years, underlining that the aqueous 

phase reached quasi-equilibrium already after the first 7 days.  

The IAP of C-A-S-H after 3 month and longer are comparable to the solubility products 

reported by Myers et al. [47] and Barzgar et al. [50]. Those with Ca/Si targeted at 0.8 

are only slightly higher than the solubility product reported for laboratory-synthesized 

Al-tobermorite with Ca/(Al+Si) = 0.83, as expected for these structurally and 

compositionally similar phases.  

   

 

Figure 42. Calculated log10IAP values for hypothetical C-(A-)S-H and Al-tobermorite with 
different equilibration time,  normalised to SiO2+Al2O3 =1. The approximate uncertainty in the 
log10 (IAP) values are ±0.3. Colored circles: C-A-S-H from this study; patterned circles: C-A-S-
H from Myers et al. and Barzgar et al. [47,50], and triangles: Al-tobermorite with Ca/(Al+Si) = 
0.83 from Lothenbach et al. [65]. Data from this study and [47,50] are calculated from 
oversaturation condition and [65] is calculated from undersaturation condition.  
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This chapter studies the effect of time on C-A-S-H formation, its structure and solubility. 

C-A-S-H was precipitated from CaO, CaO·Al2O3 and silica fume (SiO2) in 0.5 M NaOH 

solutions, such that the system is initially dominated by a high availability of Ca and Al, 

while Si is released slower due to the slower reactivity of silica fume compared to CaO 

(or Ca(OH)2) and CaO·Al2O3. Thus, in all cases the initial C-S-H formed after a few 

hours is Ca–rich, but converts within a day to Ca poorer C-S-H depending on the target 

Ca/Si of the individual experiments. Initially portlandite formation was observed in all 

samples. Its amount decreased rapidly within the first day and remained stable after 

more than 7 days based on XRD and TGA data. 

C-A-S-H was the main solid in all experiments, however, in some cases a small 

quantity of secondary phases, mainly katoite and in some cases monocarboaluminate 

were observed. At target Ca/Si = 0.6, initially C-A-S-H formed, which was later 

destabilized to a zeolitic phase (gismondine-P1) between 1 and 3 years.  

XRD showed that the basal spacings, d001, of C-A-S-H did not significantly change with 

equilibration time, indicating little influence of the equilibration time on the interlayer 

distance of C-A-S-H. However, the main layer structure of C-A-S-H evolved with time. 

XRD and FTIR spectroscopy indicated a higher occupation of bridging sites in the silica 

chains with longer equilibration time. 27Al NMR showed the initial formation of 

secondary phases as well an increasing fraction of Al(V) and Al(VI) in C-S-H with 

longer equilibration times. 

The dissolved concentrations of Al, Ca and Si changed rapidly from 6 hours to 1 day, 

i.e. at the time additional C-S-H formed. Slower variations were observed after 1 day, 

which become very small after 14 days. The Ca/Si ratio of C-S-H played an important 

role on the changes in aqueous concentration: an increasing of Al concentrations with 

time was observed in C-A-S-H with Ca/Sitarget = 0.6, while a decrease was observed 

for C-A-S-H with Ca/Sitarget  ≥ 1.0 

In most samples, more than 80% of the Al present was bound by C-A-S-H at all Ca/Si. 

The fraction of Al in C-A-S-H decreased in most cases after 4 days and longer as well 

as the uptake of Na, which was highest after 1 day and decreased thereafter. The 

continuous decrease of Na and Al shows a rearrangement of C-A-S-H phases with 

time. The initial high binding could be related to a co-precipitation binding relatively 

high amounts of Na and Al in C-S-H during the fast initial formation, which partially 
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released again as the C-S-H structure is rearranged towards its thermodynamic 

equilibrium composition. 
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CHAPTER 6: Conclusions and outlook 

The understanding of the incorporation of aluminium, alkali and the effect of 

equilibration time in C-S-H is important, since it relates to the durability of construction 

materials. However, the mechanism of aluminium and alkalis uptake in the C-S-H 

structure is still under debate and there is little experimental data on the C-A-S-H 

formation kinetics available in the literature. The objective of this work is to investigate 

the effect of the uptake of alkali, hydroxide and aluminium and equilibration time on C-

A-S-H in-depth by combining aqueous phase measurements and solid phase 

characterization. Systematic experiments were carried out to investigate the solubility, 

structure and composition of C(-A)-S-H gel as a function of different parameters such 

as Ca/Si ratio, aluminium contents, alkali concentration and equilibration time in order 

to obtain a better understanding of the uptake of aluminium and alkali in C-S-H as well 

as their kinetics. 

6.1. Effect of alkali hydroxide on C-S-H 

Both KOH and NaOH showed similar effects on the aqueous and solid phase. The Si 

concentrations in solution were enhanced and Ca concentrations were lowered in the 

presence of additional KOH or NaOH. Higher pH values led to the precipitation of 

additional portlandite and changed the C-S-H composition, the upper limit Ca/SiC-S-H 

decreased from 1.44 in the absence of NaOH to 1.1 in the presence of 1 M NaOH or 

KOH, and the lower limit from Ca/SiC-S-H = 0.75 (no alkali) to ~ 0.7 in the presence of 

alkali hydroxide. Higher alkali uptake in C-S-H was observed at low Ca/Si as well as at 

higher pH values. Higher pH prevented the polymerisation of C-(N,K-)S-H silicate and 

increased the crystallite size along the c-axis.  

A comparison with the independently developed CASH+ thermodynamic model 

showed that the model reproduced the observed changes, including the shortening of 

the main chain length (MCL) in the presence of NaOH and KOH.  

6.2. Effect of alkali hydroxide on Al uptake in C-S-H with Ca/Si = 1 

The increased amount of Al in the system led to the precipitation of additional 

secondary phases containing Al and raised both the dissolved Al and Si concentrations 

and lowered the Ca concentrations in the aqueous phase. A slight preference of C-S-
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H for Si uptake over Al uptake was observed based on the observed difference in the 

aqueous concentrations. The uptake of Al increased the interlayer distance of C-A-S-

H and led to longer dreierketten chains in C-A-S-H, indicating indirectly an uptake of 

Al in the silica chain. 

Higher pH values progressively destabilized Al-containing secondary phases such as 

Al(OH)3 and strätlingite, shortened the silicate chains as visible in the reduction of the 

numbers of Q2 and increase of Q1 silicate species and resulted in a higher fraction of 

octahedrally bound Al(VI) in the C-A-S-H phase. Higher pH values also increased the 

aqueous Al and Si concentrations and lowered the Ca concentrations. The higher Al 

concentration lead to a higher fraction of Al bound in C-A-S-H. The linear correlation 

between the aluminium concentration in solution and Al/Si in C-A-S-H indicate that Al 

is taken up at similar sorption sites in C-S-H independent of Al concentration or pH 

values. The distribution coefficients of Al on C-S-H strongly decrease with increasing 

pH values, indicating a higher tendency of Al to remain is solution.   

 

6.3. Effect of time on Al uptake in C-S-H 

Equilibration time had a significant influence on C-A-S-H formation, its composition, 

structure and solubility, as well as on the kind and amount of secondary phases. Due 

to the high reactivity of CaO compared to silica fume, C-S-H formed during the first few 

hours is rich in calcium, but converts within one day to Ca-poorer C-S-H depending on 

the target Ca/Si of the individual experiments; the rearrangement of C-S-H continues 

more slowly for several months. Portlandite formation was observed in the first hours 

for all samples at all Ca/Si and its amount decreased rapidly within the first day and 

remained stable after more than 7 days. At target Ca/Si = 0.6, the initially precipitated 

C-A-S-H was later destabilized to a zeolitic phase (gismondine-P1) between 1 and 3 

years. 

The main layer structure of C-A-S-H was observed to evolve with time. Longer 

equilibration time led to a higher occupation of bridging sites in the dreierketten chains 

and an increasing fraction of Al(V) and Al(VI) in C-S-H.  

The dissolved concentrations of Al, Ca and Si changed rapidly within the first day, i.e. 

at the time additional C-S-H formed and portlandite dissolved. Slower variations were 



Chapter 6: Conclusions and outlook 
 

117 
 

observed after 1 day, which become very small after 14 days. The Ca/Si ratio of C-S-

H played an important role on the changes in aqueous concentration: an increasing of 

Al concentrations with time was observed in C-A-S-H with Ca/Sitarget = 0.6, while a 

decrease was observed for C-A-S-H with Ca/Sitarget ≥ 1.0. The uptake of Al and Na in 

C-A-S-H was observed to decrease after 4 days and longer, which also indicates a 

rearrangement of C-A-S-H phases with time.  

6.4. Outlook 

Although many different aspects have been investigated, a number of open questions 

will need to be addressed in more details in the future: 

The comprehensive experimental dataset collected within this thesis can serve as a 

basis for the further development of more sophisticated kinetic and thermodynamic 

models. It would be very interesting to extend the thermodynamic modelling of C-S-H 

to account for both short- and long-term properties of C-A-S-H. 

More than 80% of Al added has been observed to be taken up into C-A-S-H in this 

study. However, to which extent this uptake is reversible if the Al concentrations or pH 

values change has not yet been investigated. Also the effect of temperature changes 

is further an important topic where systematic data missing as well as on the 

competitive effects of other ions such as e.g. Fe(III), which might be taken up in the 

bridging sites of C-S-H. The reversibility and the long-term binding of Al in C-S-H 

influences not only the C-S-H, but also the kind and amount of other phases and thus 

the stability of cement. 

The destabilisation of C-A-S-H to gismondine-P1 was observed after more than 1 year 

at room temperature. It remains, however, unclear whether similar changes would also 

occur in KOH solutions or in solutions with both NaOH and KOH, as present in Portland 

cements. The potential formation of zeolitic phases such as gismondine-P1 have been 

predicted at the surface of cements exposed to chloride solutions [163] or at the 

interface between cement and clays present in the surrounding rock [164,165].  

C-(A-)S-H with additional alkali hydroxide has been investigated in previous studies 

[40,41,162] as well as in this study. However, the effect of acids such as HCl or H2SO4, 

which lower the pH, on the composition, structure, alkali, calcium and aluminium 
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uptake by C-S-H is not well investigated, and it is poorly known below which critical pH 

value C-S-H and C-A-S-H are destabilised.   

The experimental data gained here and in other systematic studies of C-S-H and C-A-

S-H have been use to establish the thermodynamic model CASH+. Another important 

task for future studies will be the critical verification of this thermodynamic model 

against independent data measured at different conditions, e.g. at low availability of 

water, in the presence of additional anions and cations, and lower and higher 

temperatures, to verify the accurateness of the predictions and its validity for hydrated 

cements.  
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 Mixing proportions used to prepared C-(A-)S-H 

Table 6. Mixing proportions used to prepared C-(Na,K-)S-H with equilibrium time of 3 months 
(in g per 180 mL of solution) 

Synthesis solution 
CaO SiO2 

(g) (g) 

Ca/Si* = 0.6   

Water 1.4364 2.5643 

0.1 M NaOH 1.4364 2.5643 

0.1 M KOH 1.4357 2.5647 

0.5 M NaOH 1.4362 2.5646 

0.5 M KOH 1.435 2.5645 

1.0 M NaOH 1.4364 2.5643 

1.0 M KOH 1.4366 2.564 

Ca/Si* = 0.8   

Water 1.7102 2.2899 

0.1 M NaOH 1.7102 2.2899 

0.1 M KOH 1.7102 2.2895 

0.5 M NaOH 1.7101 2.2902 

0.5 M KOH 1.7102 2.2902 

1.0 M NaOH 1.7102 2.2899 

1.0 M KOH 1.71 2.2907 

Ca/Si* = 1.0   

Water 1.9309 2.069 

0.1 M NaOH 1.9309 2.069 

0.1 M KOH 1.929 2.0687 

0.5 M NaOH 1.9309 2.0691 

0.5 M KOH 1.93 2.0692 

1.0 M NaOH 1.9309 2.069 

1.0 M KOH 1.932 2.0693 

Ca/Si* = 1.2   

Water 2.1134 1.887 

0.1 M NaOH 2.1134 1.887 

0.1 M KOH 2.112 1.8866 

0.5 M NaOH 2.1134 1.8874 

0.5 M KOH 2.1151 1.8868 

1.0 M NaOH 2.1134 1.887 

1.0 M KOH 2.1144 1.8869 

Ca/Si* = 1.4   

Water 2.266 1.734 

0.1 M NaOH 2.266 1.734 

0.1 M KOH 2.268 1.7343 

0.5 M NaOH 2.2667 1.7342 

0.5 M KOH 2.2668 1.7346 

1.0 M NaOH 2.266 1.734 

1.0 M KOH 2.267 1.7339 

Ca/Si* = 1.6   

Water 2.396 1.6043 

0.1 M NaOH 2.396 1.6043 

0.1 M KOH 2.396 1.6042 

0.5 M NaOH 2.3957 1.6041 

0.5 M KOH 2.3959 1.604 

1.0 M NaOH 2.3959 1.6043 

1.0 M KOH 2.3973 1.604 
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Table 7. Mixing proportions used to prepared C-(A-)S-H (in g per 180 mL of solution) 

Synthesis 
solution 

time 

target Al/Si 

CaO SiO2  CaO.Al2O3 

(months) (g) (g) (g) 

0.1M NaOH 

12 0 1.9309 2.069 0 

15 0.05 1.843 2.0251 0.1331 

15 0.1 1.757 1.9821 0.2622 

15 0.15 1.676 1.9414 0.383 

15 0.2 1.5981 1.9021 0.5 

0.5M NaOH 

12 0 1.9309 2.0691 0 

15 0.05 1.8422 2.0248 0.1329 

15 0.1 1.757 1.982 0.261 

15 0.15 1.6762 1.9412 0.3824 

15 0.2 1.5999 1.902 0.5051 

1M NaOH 

12 0 1.9309 2.069 0 

15 0.05 1.825 2.013 0.1328 

15 0.1 1.7584 1.983 0.2615 

15 0.15 1.6771 1.9421 0.386 

15 0.2 1.5983 1.906 0.49994 

0.1M NaOH 

3 0 1.9307 2.0695 0 

3 0.05 1.8443 2.0243 0.133 

3 0.1 1.7562 1.9825 0.2608 

3 0.15 1.6768 1.9406 0.3833 

3 0.2 1.5982 1.903 0.5001 

0.5M NaOH 

3 0 1.9318 2.0688 0 

3 0.05 1.842 2.026 0.139 

3 0.1 1.7773 1.9819 0.2627 

3 0.15 1.6765 1.9418 0.3828 

3 0.2 1.5982 1.9041 0.501 

1M NaOH 

3 0 1.9321 2.0689 0 

3 0.05 1.8343 2.0851 0.1325 

3 0.1 1.7572 1.9832 0.261 

3 0.15 1.6765 1.945 0.3827 

3 0.2 1.598 1.907 0.5008 

0.5M KOH 

3 0 1.9315 2.0699 0 

3 0.01 1.913 2.069 0.0274 

3 0.03 1.8772 2.0421 0.0812 

3 0.05 1.8429 2.0251 0.1331 

3 0.1 1.7584 1.9821 0.2613 

3 0.15 1.6772 1.9415 0.3835 

3 0.2 1.5982 1.9018 0.4999 
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Table 8. Mixing proportions used to prepared C-A-S-H (in g per 260 mL of solution for samples 
with equilibration time from 0.25 day to 90 days and per 180mL for samples with 90*, 450* and 
1350* days) 

Equilibration time target Ca/Si 
ratio 

CaO SiO2  CaO.Al2O3 

(days) (g) (g) (g) 

0.25-90 

0.6 2.0289 3.9524 0.5205 

0.8 2.4852 3.549 0.4671 

1.0 2.8562 3.2215 0.4239 

1.2 3.1651 2.9501 0.3881 

1.4 3.4244 2.718 0.3569 

1.6 3.6478 2.521 0.3317 

90* 

0.6 1.248 2.4332 0.3228 

0.8 1.528 2.1846 0.287 

1.0 1.757 1.982 0.261 

1.2 1.948 1.8144 0.2387 

1.4 2.107 1.674 0.2198 

1.6 2.245 1.552 0.2047 

450* 

0.6 1.2492 2.433 0.3222 

0.8 1.5316 2.1841 0.2863 

1.0 1.7773 1.9819 0.2627 

1.2 1.949 1.8138 0.239 

1.4 2.1067 1.6738 0.2202 

1.6 2.2422 1.5534 0.208 

1350* 

0.6 1.255 2.4327 0.321 

0.8 1.5293 2.1843 0.2882 

1.0 1.7571 1.9823 0.2616 

1.2 1.947 1.8142 0.2386 

1.4 2.1198 1.6744 0.2223 

1.6 2.2434 1.5522 0.2046 
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 Dissolved concentration 

Table 9 Aqueous dissolved concentrations and pH results for the C-(N, K-)S-H samples 

Synthesis 
solution 

[Si] [Ca] [K] [Na] [OH-] 
pHa 

 (mM) (mM) (mM) (mM) (mM) 

Ca/Si* = 0.6       
Water 3.84 1.23 0 0 0.19 9.9 

0.1 M NaOH 29.2 0.01 0 46.2 16.6 12.2 
0.1 M KOH 26.5 b.d.l 50.1 0 23.0 12.3 

0.5 M NaOH 33.5 b.d.l 0 440 418 13.5 
0.5 M KOH 30.3 0.02 462 0 404 13.5 
1 M NaOH 43.1 0.01 0 944 868 13.9 
1 M KOH 37.5 0.01 1082 0 871 13.8 

Ca/Si* = 0.8       
Water 1.60 0.91 0 0 0.65 10.5 

0.1 M NaOH 1.20 0.04 0 61.0 97.1 12.9 
0.1 M KOH 1.13 0.03 67.5 0 59.0 12.7 

0.5 M NaOH 2.59 0.01 0 437 418 13.5 
0.5 M KOH 1.88 0.05 467 0 388 13.5 
1 M NaOH 6.63 0.02 0 937 839 13.8 
1 M KOH 3.87 0.04 1074 0 937 13.8 

Ca/Si* = 1.0       
Water 0.07 3.50 0 0 9.2 11.7 

0.1 M NaOH 0.15 0.40 0 78.7 101 13.0 
0.1 M KOH 0.14 0.44 85.9 0 75.4 12.8 

0.5 M NaOH 0.36 0.15 0 472 406 13.5 
0.5 M KOH 0.55 0.15 501 0 457 13.5 
1 M NaOH 0.47 0.22 0 978 839 13.8 
1 M KOH 0.71 0.32 1081 0 937 13.8 

Ca/Si* = 1.2       
Water 0.01 7.11 0 0 16.9 12.0 

0.1 M NaOH b.d.l 1.39 0 94.0 97.1 12.9 
0.1 M KOH 0.03 1.34 101 0 88.8 12.9 

0.5 M NaOH b.d.l 0.85 0 495 422 13.5 
0.5 M KOH 0.10 0.77 515 0 476 13.5 
1 M NaOH 0.18 0.47 0 968 899 13.9 
1 M KOH 0.51 0.54 1108 0 937 13.8 

Ca/Si* = 1.4       
Water 0.01 16.0 0 0 51.4 12.4 

0.1 M NaOH b.d.l 4.45 0 93.3 97.1 12.9 
0.1 M KOH 0.01 4.17 102 0 92.5 12.9 

0.5 M NaOH b.d.l 0.98 0 486 455 13.6 
0.5 M KOH 0.09 0.88 516 0 496 13.6 
1 M NaOH 0.13 0.56 0 980 839 13.8 
1 M KOH 0.45 0.61 1104 0 972 13.8 

Ca/Si* = 1.6       
Water b.d.l 21.3 0 0 55.2 12.5 

0.1 M NaOH b.d.l 5.09 0 94.1 122 13.0 
0.1 M KOH 0.01 4.72 1123 0 129 13.0 

0.5 M NaOH b.d.l 1.11 0 498 472 13.6 
0.5 M KOH 0.09 0.94 514 0 476 13.5 
1 M NaOH 0.11 0.61 0 990 868 13.9 
1 M KOH 0.43 0.63 1102 0 972 13.8 

a pH measured at ~ 24°C 
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Table 10. Aqueous dissolved concentrations and pH values for the C-(N, K-)A-S-H samples 
(target Ca/Si = 1.0) 

Synthesis 
solution 

time target 
Al/Si  

[Si] [Ca] [Al] [Na] [K] [OH-] 
pHa 

(months) (mM) (mM) (mM) (mM) (mM) (mM) 

0.1M 
NaOH 

12 0 0.179 0.0818 0 82.9 0 92.7 13.0 
15 0.05 0.323 0.207 0.085 74.2 0 41.2 12.6 
15 0.1 0.431 0.173 0.212 71.0 0 38.4 12.6 
15 0.15 0.463 0.132 0.462 69.7 0 34.7 12.5 
15 0.2 0.559 0.0966 0.555 70.6 0 34.8 12.5 

0.5M 
NaOH 

12 0 0.705 0.0945 0 473 0 322 13.5 

15 0.05 0.322 0.175 0.207 485 0 178 13.3 

15 0.1 0.470 0.126 0.869 483 0 154 13.2 

15 0.15 0.891 0.0944 1.39 468 0 132 13.1 

15 0.2 0.856 0.0889 2.22 405 0 122 13.1 

1M  
NaOH 

12 0 0.713 0.189 0 940 0 689 13.8 
15 0.05 0.56 0.238 0.590 994 0 216 13.3 
15 0.1 1.03 0.138 1.53 974 0 232 13.4 
15 0.15 1.16 0.141 2.53 1200 0 260 13.4 
15 0.2 1.05 0.137 3.79 1027 0 312 13.5 

0.1M 
NaOH 

3 0 0.146 0.399 0 78.7 0 111 13.0 

3 0.05 0.298 0.212 0.069 80.4 0 105 13.0 

3 0.1 1.25 0.0681 0.342 80.1 0 74.7 12.9 

3 0.15 11.4 0.0177 0.327 69.3 0 79.5 12.9 

3 0.2 0.541 0.0293 0.701 63.6 0 96.6 13.0 

0.5M 
NaOH 

3 0 0.357 0.1476 0 472 0 341 13.5 
3 0.05 0.489 0.0426 0.056 580 0 409 13.6 
3 0.1 0.556 0.0396 1.09 493 0 289 13.5 
3 0.15 1.15 0.0108 1.47 512 0 443 13.6 
3 0.2 1.36 0.0112 2.37 511 0 284 13.5 

1M  
NaOH 

3 0 0.472 0.218 0.00 978 0 572 13.8 

3 0.05 0.699 0.204 0.490 1097 0 524 13.7 

3 0.1 1.10 0.0591 2.04 986 0 469 13.7 

3 0.15 1.19 <0.0025 3.16 1236 0 585 13.8 

3 0.2 1.25 <0.0025 5.74 1165 0 444 13.6 

0.5M KOH 

3 0 0.392 0.222 0 0 493 309 13.5 

3 0.01 0.465 0.197 0.027 0 496 309 13.5 

3 0.03 0.578 0.151 0.136 0 483 309 13.5 

3 0.05 0.641 0.128 0.276 0 503 309 13.5 

3 0.1 0.750 0.109 1.02 0 473 309 13.5 

3 0.15 0.738 0.103 2.08 0 475 297 13.5 

3 0.2 0.744 0.0936 3.03 0 478 309 13.5 

apH measured at ~ 24°C 
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Table 11 Aqueous dissolved concentrations and pH values for the C-(N-)A-S-H samples with 
different equilibration time (target Al/Si = 0.1). C-A-S-H equilibrated for 0.25- 90 days: 
synthesized with water/solid = 45, C-A-S-H equilibrated for 90*, 450* and 1350* days: 
synthesized with water/solid = 40. 

Equilibration 
time target 

Ca/Si ratio 

Si  Ca Al  Na OH- 
pHa (days) (mM) (mM) (mM) (mM) (mM) 

0.25 

0.6 0.95 0.35 1.3 520 319 13.5 

0.8 0.43 0.82 2.0 528 286 13.5 

1.0 0.42 0.86 1.9 528 302 13.5 

1.2 0.40 0.88 1.6 528 319 13.5 

1.4 0.39 0.91 1.7 536 319 13.5 

1.6 0.38 0.92 1.7 536 337 13.5 

1 

0.6 36.1 0.013 2.2 499 256 13.4 

0.8 0.76 0.24 1.5 504 302 13.5 

1.0 0.36 0.69 1.1 518 319 13.5 

1.2 0.32 0.79 0.91 521 319 13.5 

1.4 0.31 0.83 1.0 524 337 13.5 

1.6 0.30 0.85 1.0 531 337 13.5 

3 

0.6 53.9 0.009 2.5 472 217 13.3 

0.8 3.87 0.015 1.9 469 286 13.5 

1.0 0.46 0.18 1.2 491 256 13.4 

1.2 0.13 0.76 0.63 513 302 13.5 

1.4 0.11 0.92 0.61 518 302 13.5 

1.6 0.11 0.96 0.58 522 302 13.5 

7 

0.6 44.1 0.008 2.2 426 174 13.2 

0.8 3.12 0.019 1.8 427 206 13.3 

1.0 0.52 0.14 1.2 446 230 13.4 

1.2 0.11 0.72 0.56 467 230 13.4 

1.4 0.079 0.92 0.51 470 230 13.4 

1.6 0.074 0.99 0.49 474 230 13.4 

14 

0.6 47.4 0.007 2.3 433 219 13.3 

0.8 3.39 0.019 1.9 432 247 13.4 

1.0 0.48 0.13 1.1 454 267 13.4 

1.2 0.10 0.65 0.52 479 277 13.4 

1.4 0.079 0.95 0.46 481 277 13.4 

1.6 0.074 1.02 0.44 480 277 13.4 

28 

0.6 37.8 0.0038 2.3 418 228 13.4 

0.8 2.87 0.019 1.8 416 247 13.4 

1.0 0.61 0.11 1.0 441 256 13.4 

1.2 0.13 0.57 0.45 465 267 13.4 

1.4 0.074 0.93 0.38 471 267 13.4 

1.6 0.067 1.01 0.37 473 277 13.4 

90 

0.6 34.39 0.0055 2.4 432 195 13.3 

0.8 2.72 0.019 1.8 423 237 13.4 

1.0 0.67 0.10 1.0 453 256 13.4 

1.2 0.14 0.44 0.34 476 256 13.4 

1.4 0.072 0.87 0.25 482 256 13.4 

1.6 0.069 0.97 0.23 489 350 13.5 

90* 

0.6 26.6 b.d.l 2.9 545 147 13.2 

0.8 3.83 b.d.l 2.0 542 147 13.2 

1.0 0.56 0.040 1.1 580 154 13.2 

1.2 0.13 0.25 0.32 517 147 13.2 

1.4 0.053 0.59 0.15 522 168 13.2 

1.6 0.055 0.61 0.21 530 176 13.2 

450* 
0.6 32.00 0.010 3.3 503 425 13.6 

0.8 2.84 0.048 2.2 465 367 13.6 
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1.0 0.71 0.58 0.87 479 289 13.5 

1.2 0.13 0.13 0.36 500 336 13.5 

1.4 0.072 0.97 0.17 504 371 13.6 

1.6 0.051 1.04 0.19 505 353 13.5 

1350* 

0.6 20.1 0.037 0.76 459 321 13.5 

0.8 2.56 0.035 1.6 467 334 13.5 

1.0 0.75 0.10 0.69 496 362 13.6 

1.2 0.18 0.44 0.24 515 348 13.5 

1.4 0.086 0.91 0.09 526 362 13.6 

1.6 0.080 0.84 0.15 524 392 13.6 
apH measured at ~ 24°C 
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 Saturation indices 

Table 12. Saturation indices for the relevant reaction products in C-(A-)S-H synthesized in 
different alkali hydroxide solutions.  

Synth
esis 
soluti
on (months) 

targ
et 
Al/Si 

C-
(A-)S-
H 

portl
andit
e 

amor
ph.-
SiO2 

katoit
e 

strät-
lingit
e 

gism
on-
dine-
P1 

natr
olit
e 

zeolit
e X 

AH3 

(mi
c) 

0.1M 
NaOH 

12 0 -2.5 -2.0 -4.4 - - - - - - 

15 0.05 -0.9 -1.7 -4.1 -5.8 -2.2 -1.8 -1.4 -2.3 -2.3 

15 0.1 -0.6 -1.8 -3.9 -5.3 -1.4 -1.4 -1.0 -1.8 -1.8 

15 0.15 -0.7 -1.9 -3.9 -5.0 -1.0 -1.2 -0.8 -1.5 -1.5 

15 0.2 -0.8 -2.1 -3.8 -5.3 -1.0 -1.0 -0.6 -1.3 -1.4 

0.5M 
NaOH 

12 0 -1.2 -1.2 -5.1 - - - - - - 

15 0.05 -1.2 -0.9 -5.5 -4.4 -2.9 -2.5 -2.1 -2.8 -2.7 

15 0.1 -1.0 -1.1 -5.3 -3.6 -1.8 -2.0 -1.5 -2.1 -2.0 

15 0.15 -0.6 -1.2 -5.0 -3.6 -1.4 -1.6 -1.1 -1.7 -1.8 

15 0.2 -0.4 -1.3 -4.9 -3.3 -0.9 -1.4 -0.9 -1.4 -1.6 

1M 
NaOH 

12 0 -0.7 -0.7 -5.7 - - - - - - 

15 0.05 -0.6 -0.6 -5.9 -3.0 -2.3 -2.5 -2.0 -2.6 -2.5 

15 0.1 -0.5 -0.8 -5.6 -2.9 -1.7 -2.0 -1.5 -2.0 -2.1 

15 0.15 -0.4 -0.8 -5.7 -2.5 -1.5 -1.9 -1.4 -1.9 -2.0 

15 0.2 -0.4 -0.8 -5.6 -2.1 -1.0 -1.8 -1.3 -1.7 -1.7 

0.1M 
NaOH 

3 0 -1.2 -1.3 -4.5 - - - - - - 

3 0.05 -0.9 -1.6 -4.2 -5.9 -2.4 -1.9 -1.6 -2.4 -2.4 

3 0.1 -0.6 -2.2 -3.5 -6.4 -1.6 -0.8 -0.5 -1.2 -1.7 

3 0.15 -0.6 -3.6 -2.3 -10.3 -3.0 0.3 0.7 -0.1 -1.6 

3 0.2 -1.9 -2.6 -3.7 -6.7 -1.8 -0.9 -0.5 -1.2 -1.3 

0.5M 
NaOH 

3 0 -1.3 -1.0 -5.4 - - - - - - 

3 0.05 -2.3 -1.5 -5.4 -7.3 -5.3 -2.8 -2.4 -3.2 -3.3 

3 0.1 -1.8 -1.6 -5.2 -4.9 -2.6 -1.9 -1.4 -2.0 -2.0 

3 0.15 -2.3 -2.1 -5.0 -6.4 -3.2 -1.5 -1.0 -1.6 -1.8 

3 0.2 -2.0 -2.1 -4.9 -5.9 -2.7 -1.3 -0.8 -1.4 -1.6 

1M 
NaOH 

3 0 -1.0 -0.6 -5.9 - - - - - - 

3 0.05 -0.7 -0.6 -5.8 -3.4 -2.6 -2.5 -2.0 -2.6 -2.6 

3 0.1 -1.2 -1.2 -5.6 -3.8 -2.2 -1.9 -1.4 -1.9 -2.0 

3 0.15 -16.8 -8.9 -5.8 -26.7 -17.6 -1.9 -1.4 -1.8 -1.9 

3 0.2 -16.5 -8.9 -5.7 -26.2 -17.0 -1.7 -1.2 -1.6 -1.6 

0.5M 
KOH 

3 0 -0.9 -0.8 -5.5 - - - - - - 

3 0.01 -0.9 -0.8 -5.4 -6.0 -4.5 -8.2 -8.4 -10.4 -3.6 

3 0.03 -0.9 -1.0 -5.3 -4.9 -3.2 -7.7 -7.8 -9.7 -2.9 

3 0.05 -0.9 -1.0 -5.3 -4.5 -2.8 -7.5 -7.6 -9.4 -2.6 

3 0.1 -0.8 -1.1 -5.1 -3.6 -1.7 -7.0 -7.1 -8.9 -2.0 

3 0.15 -0.7 -1.1 -5.2 -3.1 -1.1 -6.8 -6.9 -8.6 -1.7 

3 0.2 -0.7 -1.2 -5.2 -2.9 -0.9 -6.7 -6.8 -8.5 -1.5 

 

 



Appendix 
 

128 
 

Table 13. Saturation indices for the relevant reaction products in C-(A-)S-H system with 
Al/Sitarget = 0.1 and different Ca/Si as a function of equilibration time. C-A-S-H equilibrated for 
0.25- 90 days: synthesized with water/solid = 45, C-A-S-H equilibrated for 90*, 450* and 1350* 
days: synthesized with water/solid = 40. 

Target 
Ca/Si 

Equilibrium 
time (days) 

C-A-
S-H AH3 C3AH6 

Charba-
zite 

Gismon-
dine-P1 

Strät-
lingite CH 

amor-
Si 

0.6 

0.25 0.7 -1.9 -1.9 -1.6 -16.5 -0.4 -0.6 -5.1 

1 -0.1 -1.8 -8.1 0.1 0.8 -2.7 -2.7 -3.3 

3 -0.1 -1.8 -9.1 0.3 3.3 -3.1 -3.1 -3.1 

7 -0.4 -1.7 -9.2 0.3 3.0 -3.2 -3.2 -3.1 

14 -0.4 -1.7 -9.4 0.3 3.2 -3.3 -3.2 -3.1 

28 -1.1 -1.7 -10.0 0.2 2.4 -3.7 -3.4 -3.2 

90 -0.8 -1.7 -9.3 0.2 2.0 -3.3 -3.2 -3.2 

90* -1.5 -1.7 -9.5 -0.1 -0.5 -3.8 -3.3 -3.6 

450* -0.3 -1.6 -7.9 0.1 1.3 -2.6 -2.8 -3.4 

1350* 0.5 -2.2 -7.0 -0.4 -3.8 -2.4 -2.1 -3.6 

0.8 

0.25 1.0 -1.7 -0.4 -1.9 -19.1 0.4 -0.2 -5.5 

1 0.2 -1.8 -2.3 -1.7 -16.9 -0.6 -0.8 -5.1 

3 -1.0 -1.7 -6.0 -0.9 -8.7 -2.3 -2.1 -4.4 

7 -1.0 -1.7 -5.8 -0.9 -9.1 -2.1 -2.0 -4.4 

14 -0.9 -1.7 -5.8 -0.9 -8.7 -2.1 -2.0 -4.3 

28 -1.0 -1.7 -5.8 -0.9 -9.3 -2.1 -2.0 -4.4 

90 -1.1 -1.7 -5.8 -1.0 -9.7 -2.1 -2.0 -4.4 

90* -2.7 -1.8 -8.3 -1.0 -9.6 -4.0 -2.8 -4.5 

450* -0.2 -1.6 -4.3 -1.0 -9.6 -1.2 -1.6 -4.5 

1350* -0.6 -1.8 -4.9 -1.1 -10.8 -1.8 -1.7 -4.5 

1.0 

0.25 1.0 -1.7 -0.3 -1.9 -19.3 0.4 -0.2 -5.5 

1 0.6 -2.0 -1.1 -2.1 -21.1 -0.3 -0.3 -5.5 

3 -0.6 -1.9 -2.8 -2.0 -19.5 -1.3 -0.9 -5.3 

7 -0.6 -1.9 -3.2 -1.8 -18.3 -1.3 -1.0 -5.2 

14 -0.8 -1.9 -3.3 -1.9 -18.8 -1.5 -1.1 -5.2 

28 -0.8 -1.9 -3.6 -1.8 -17.8 -1.6 -1.2 -5.1 

90 -0.8 -2.0 -3.8 -1.8 -17.7 -1.7 -1.2 -5.1 

90* -1.9 -2.0 -4.9 -2.0 -19.8 -2.7 -1.5 -5.4 

450* 0.9 -2.0 -1.6 -1.8 -18.4 -0.3 -0.4 -5.1 

1350* -0.8 -2.2 -4.1 -1.9 -18.7 -2.0 -1.2 -5.1 

1.2 

0.25 1.0 -1.8 -0.5 -2.0 -20.0 0.2 -0.2 -5.5 

1 0.5 -2.1 -1.1 -2.2 -22.3 -0.4 -0.2 -5.6 

3 -0.3 -2.2 -1.4 -2.7 -27.0 -1.1 -0.2 -5.9 

7 -0.5 -2.2 -1.6 -2.7 -27.5 -1.2 -0.3 -5.9 

14 -0.7 -2.3 -1.8 -2.8 -28.4 -1.5 -0.3 -6.0 

28 -0.6 -2.3 -2.1 -2.7 -27.3 -1.6 -0.4 -5.9 

90 -0.9 -2.4 -2.7 -2.8 -27.9 -2.0 -0.5 -5.8 

90* -1.6 -2.5 -3.5 -2.9 -28.7 -2.7 -0.7 -5.9 

450* -2.2 -2.4 -4.2 -2.8 -28.2 -3.1 -1.0 -5.9 

1350* -0.8 -2.6 -3.0 -2.8 -28.1 -2.3 -0.5 -5.8 

1.4 

0.25 1.0 -1.8 -0.4 -2.0 -20.1 0.3 -0.2 -5.5 

1 0.6 -2.0 -1.0 -2.2 -22.2 -0.3 -0.2 -5.6 

3 -0.2 -2.2 -1.2 -2.8 -27.8 -1.1 -0.2 -6.0 

7 -0.5 -2.3 -1.4 -2.9 -29.3 -1.3 -0.2 -6.1 

14 -0.5 -2.3 -1.4 -3.0 -29.7 -1.4 -0.2 -6.1 

28 -0.6 -2.4 -1.6 -3.0 -30.3 -1.6 -0.2 -6.1 

90 -0.8 -2.6 -2.1 -3.2 -31.7 -2.0 -0.2 -6.1 

90* -1.5 -2.8 -3.0 -3.5 -34.7 -3.0 -0.3 -6.3 

450* -0.7 -2.8 -2.3 -3.3 -33.0 -2.3 -0.1 -6.2 

1350* -0.7 -3.1 -2.9 -3.4 -34.0 -2.9 -0.2 -6.1 
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1.6 

0.25 1.0 -1.8 -0.4 -2.0 -20.1 0.3 -0.2 -5.5 

1 0.6 -2.0 -0.9 -2.2 -22.4 -0.3 -0.2 -5.6 

3 -0.2 -2.2 -1.2 -2.8 -28.1 -1.1 -0.1 -6.0 

7 -0.5 -2.3 -1.3 -3.0 -29.7 -1.3 -0.2 -6.1 

14 -0.5 -2.3 -1.4 -3.0 -30.1 -1.4 -0.1 -6.1 

28 -0.6 -2.4 -1.5 -3.1 -30.9 -1.6 -0.1 -6.2 

90 -0.7 -2.6 -2.0 -3.2 -32.1 -2.0 -0.2 -6.2 

90* -1.4 -2.7 -2.7 -3.4 -33.7 -2.7 -0.3 -6.3 

450* -0.9 -2.7 -2.1 -3.4 -34.2 -2.3 -0.1 -6.3 

1350* -0.8 -2.8 -2.6 -3.3 -33.1 -2.5 -0.2 -6.2 
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 C-(A-)S-H compositions 

Table 14. Chemical compositions of the C-(N,K-)S-H products, determined from IC, TGA, XRD 
and pH measurements, The estimated absolute errors are less than ±0.05 units in the Ca/Si 
ratios, ±0.2 units in the H2O/Si ratios, and ±0.05 units for the 0.1 M alkali samples in the (Na/ 
K)/Si ratios of the C-(N,K-)S-H products. Ca/Si* = target Ca/Si 

Synthesis 
solution 

C-(N,K-)S-H chemical formula Ca/SiC-S-H Na/Sic K/Sic H2O/Si 

Ca/Si* = 0.6      
Water (CaO)0.78SiO2(H2O)1.2

a 0.78a - - 1.21 
0.1 M NaOH (CaO)0.71(Na2O)0.13SiO2(H2O)1.0 0.71 0.21 - 1.04 
0.1 M KOH (CaO)0.71(K2O)0.14SiO2(H2O)1.1 0.71 - 0.27 1.13 

0.5 M NaOH (CaO)0.70(Na2O)0.65SiO2(H2O)1.4 0.70 0.65c - 1.38 
0.5 M KOH (CaO)0.69(K2O)0.48SiO2(H2O)1.3 0.69 - 0.48 1.35 

1.0 M NaOH (CaO)0.73(Na2O)0.76SiO2(H2O)1.9 0.73 0.76 - 1.86 
1.0 M KOH (CaO)0.73(K2O)0.49SiO2(H2O)1.3 0.73 - 0.49 1.30 
Ca/Si* = 0.8  

 
  

 

Water (CaO)0.88SiO2(H2O)1.3 0.88 - - 1.32 
0.1 M NaOH (CaO)0.81(Na2O)0.17SiO2(H2O)1.1 0.81 0.17 - 1.10 
0.1 M KOH (CaO)0.83(K2O)0.20SiO2(H2O)1.2 0.83 - 0.20 1.24 

0.5 M NaOH (CaO)0.81(Na2O)0.56SiO2(H2O)1.7 0.81 0.56 - 1.66 
0.5 M KOH (CaO)0.81(K2O)0.46SiO2(H2O)1.6 0.81 - 0.46 1.55 

1.0 M NaOH (CaO)0.83(Na2O)0.67SiO2(H2O)1.9 0.83 0.67 - 1.90 
1.0 M KOH (CaO)0.81(K2O)0.73SiO2(H2O)1.8 0.81 - 0.73 1.75 
Ca/Si* = 1.0      

Water (CaO)0.98SiO2(H2O)1.5 0.98 - - 1.48 
0.1 M NaOH (CaO)1.00(Na2O)0.10SiO2(H2O)1.1 1.00 0.10 - 1.14 
0.1 M KOH (CaO)1.00(K2O)0.13SiO2(H2O)1.5 1.00 - 0.13 1.47 

0.5 M NaOH (CaO)1.00(Na2O)0.43SiO2(H2O)1.5 1.00 0.43 - 1.46 
0.5 M KOH (CaO)1.00(K2O)0.31SiO2(H2O)1.6 1.00 - 0.31 1.61 

1.0 M NaOH (CaO)0.90(Na2O)1.12SiO2(H2O)2.1 0.90b 1.12 - 2.10 
1.0 M KOH (CaO)1.00(K2O)0.73SiO2(H2O)2.4 0.97 - 0.73 2.38 
Ca/Si* = 1.2      

Water (CaO)1.16SiO2(H2O)1.4 1.16 - - 1.37 
0.1 M NaOH (CaO)1.19(Na2O)0.06SiO2(H2O)1.3 1.19 0.06 - 1.28 
0.1 M KOH (CaO)1.19(K2O)0.06SiO2(H2O)1.4 1.19 - 0.06 1.38 

0.5 M NaOH (CaO)1.19(Na2O)0.34SiO2(H2O)1.5 1.19b 0.34 - 1.51 
0.5 M KOH (CaO)1.16(K2O)0.24SiO2(H2O)1.6 1.16b - 0.24 1.62 

1.0 M NaOH (CaO)1.01(Na2O)1.02SiO2(H2O)2.5 1.01b 1.02 - 2.49 
1.0 M KOH (CaO)1.16(K2O)0.44SiO2(H2O)1.8 1.16b - 0.44 1.82 
Ca/Si* = 1.4      

Water (CaO)1.30SiO2(H2O)1.5 1.30 - - 1.47 
0.1 M NaOH (CaO)1.34(Na2O)0.04SiO2(H2O)1.5 1.34b 0.04 - 1.46 
0.1 M KOH (CaO)1.36SiO2(H2O)1.6 1.36b - - 1.61 

0.5 M NaOH (CaO)1.25(Na2O)0.32SiO2(H2O)1.5 1.25b 0.32 - 1.53 
0.5 M KOH (CaO)1.21(K2O)0.32SiO2(H2O)2.0 1.21b - 0.32 1.96 

1.0 M NaOH (CaO)1.02(Na2O)0.85SiO2(H2O)2.3 1.02b 0.85 - 2.29 
1.0 M KOH (CaO)1.16(K2O)0.60SiO2(H2O)2.2 1.16b - 0.60 2.24 
Ca/Si* = 1.6      

Water (CaO)1.44SiO2(H2O)1.6 1.44b - - 1.60 
0.1 M NaOH (CaO)1.44(Na2O)0.03SiO2(H2O)1.6 1.44b 0.03 - 1.56 
0.1 M KOH (CaO)1.48SiO2(H2O)1.7 1.48b - - 1.73 

0.5 M NaOH (CaO)1.35(Na2O)0.31SiO2(H2O)1.6 1.35b 0.31 - 1.59 
0.5 M KOH (CaO)1.22(K2O)0.36SiO2(H2O)2.4 1.22b - 0.36 2.40 

1.0 M NaOH (CaO)1.07(Na2O)0.54SiO2(H2O)2.2 1.07b 0.54 - 2.19 
1.0 M KOH (CaO)1.17(K2O)0.47SiO2(H2O)2.4 1.17b - 0.47 2.37 

- = not applicable: as no Na or K was added during synthesis (<0.6 mM Na is present 

as an impurity in the 0.1 M KOH synthesis solution). 
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a lowered due to the presence of SiO2 as indicated by NMR and saturation indices with 

respect to SiO2; 
b portlandite present in addition to C-S-H; c Alkali/Si ratios based on 

direct methods [41] are associated with an error of ±0.2 units for the 0.5 M alkali 

samples and ±0.7 for the 1 M alkali samples. 

Table 15 Chemical compositions of the C-(N,K-)A-S-H products, determined from Rietveld 
analysis, mass balance and dissolution experiments. The estimated absolute errors are less 
than ±0.02 units in the Ca/Si ratios, ±0.2 units in the H2O/Si ratios, and ±0.05 units for the 0.1 
M alkali samples in the Na/Si ratios of the C-(N,K-)A-S-H products. 

synth
esis 

soluti
on 

time 

targ
et 

Al/Si 
Ca/
Si 

Na/Si
a K/Sib Al/Si 

H2O/
Si chemical formula 

(mo
nths

) 

0.1M 
NaO

H 

12 0 1.00 0.15 0 0 1.30 (CaO)1.00(Na2O)0.15SiO2(H2O)1.3 

15 0.05 1.00 0.12 0 0.05 1.27 (CaO)1.00(Na2O)0.12(Al2O3)0.05SiO2(H2O)1.3 

15 0.1 0.98 0.12 0 0.09 1.54 (CaO)0.98(Na2O)0.12(Al2O3)0.09SiO2(H2O)1.5 

15 0.15 0.96 0.16 0 0.11 2.00 (CaO)0.96(Na2O)0.16(Al2O3)0.11SiO2(H2O)2.0 

15 0.2 0.88 0.18 0 0.10 1.57 (CaO)0.88(Na2O)0.18(Al2O3)0.10SiO2(H2O)1.6 

0.5M 
NaO

H 

12 0 1.00 0.45 0 0 1.37 (CaO)1.00(Na2O)0.45SiO2(H2O)1.4 

15 0.05 1.00 0.34 0 0.05 1.94 (CaO)1.00(Na2O)0.34(Al2O3)0.05SiO2(H2O)1.9 

15 0.1 0.99 0.33 0 0.08 1.80 (CaO)0.99(Na2O)0.33(Al2O3)0.08SiO2(H2O)1.8 

15 0.15 0.93 0.39 0 0.10 1.39 (CaO)0.93(Na2O)0.39(Al2O3)0.10SiO2(H2O)1.4 

15 0.2 0.97 0.39 0 0.17 1.81 (CaO)0.97(Na2O)0.39(Al2O3)0.17SiO2(H2O)1.8 

1M 
NaO

H 

12 0 1.00 0.73 0 0 1.53 (CaO)1.00(Na2O)0.73SiO2(H2O)1.5 

15 0.05 0.95 0.36 0 0.03 1.59 (CaO)0.95(Na2O)0.36(Al2O3)0.03SiO2(H2O)1.6 

15 0.1 0.99 0.27 0 0.09 1.60 (CaO)0.99(Na2O)0.27(Al2O3)0.09SiO2(H2O)1.6 

15 0.15 0.95 0.36 0 0.12 1.53 (CaO)0.95(Na2O)0.36(Al2O3)0.12SiO2(H2O)1.5 

15 0.2 0.98 0.34 0 0.17 1.84 (CaO)0.98(Na2O)0.34(Al2O3)0.17SiO2(H2O)1.8 

0.1M 
NaO

H 

3 0 1.00 0.09 0 0 1.14 (CaO)1.00(Na2O)0.09SiO2(H2O)1.1 

3 0.05 1.00 0.12 0 0.05 1.95 (CaO)1.00(Na2O)0.12(Al2O3)0.05SiO2(H2O)1.9 

3 0.1 0.99 0.20 0 0.09 1.73 (CaO)0.99(Na2O)0.20(Al2O3)0.09SiO2(H2O)1.7 

3 0.15 1.02 0.16 0 0.14 2.08 (CaO)1.02(Na2O)0.16(Al2O3)0.14SiO2(H2O)2.1 

3 0.2 0.91 0.24 0 0.10 1.74 (CaO)0.91(Na2O)0.24(Al2O3)0.10SiO2(H2O)1.7 

0.5M 
NaO

H 

3 0 1.00 0.42 0 0 1.44 (CaO)1.00(Na2O)0.42SiO2(H2O)1.4 

3 0.05 1.00 0.32 0 0.05 2.06 (CaO)1.00(Na2O)0.32(Al2O3)0.05SiO2(H2O)2.1 

3 0.1 0.99 0.37 0 0.09 1.81 (CaO)0.99(Na2O)0.37(Al2O3)0.09SiO2(H2O)1.8 

3 0.15 0.98 0.36 0 0.13 1.99 (CaO)0.98(Na2O)0.36(Al2O3)0.13SiO2(H2O)2.0 

3 0.2 0.97 0.46 0 0.16 1.86 (CaO)0.97(Na2O)0.46(Al2O3)0.16SiO2(H2O)1.9 

1M 
NaO

H 

3 0 1.00 0.99 0 0 2.08 (CaO)1.00(Na2O)0.99SiO2(H2O)2.1 

3 0.05 1.00 0.45 0 0.05 1.57 (CaO)1.00(Na2O)0.45(Al2O3)0.05SiO2(H2O)1.6 

3 0.1 0.99 0.34 0 0.09 1.42 (CaO)0.99(Na2O)0.34(Al2O3)0.09SiO2(H2O)1.4 

3 0.15 0.97 0.38 0 0.13 1.48 (CaO)0.97(Na2O)0.38(Al2O3)0.13SiO2(H2O)1.5 

3 0.2 0.95 0.52 0 0.15 1.55 (CaO)0.95(Na2O)0.52(Al2O3)0.15SiO2(H2O)1.6 

0.5M 
KOH 

3 0 1.00 0 0.11 0 1.52 (CaO)1.00(K2O)0.11SiO2(H2O)1.5 

3 0.01 1.00 0 0.09 0.01 1.43 (CaO)1.00(K2O)0.09(Al2O3)0.01SiO2(H2O)1.4 

3 0.03 1.00 0 0.16 0.03 1.44 (CaO)1.00(K2O)0.16(Al2O3)0.03SiO2(H2O)1.4 
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3 0.05 1.00 0 0.06 0.05 1.57 (CaO)1.00(K2O)0.06(Al2O3)0.05SiO2(H2O)1.6 

3 0.1 1.00 0 0.22 0.10 1.50 (CaO)1.00(K2O)0.22(Al2O3)0.10SiO2(H2O)1.5 

3 0.15 1.00 0 0.21 0.14 1.56 (CaO)1.00(K2O)0.21(Al2O3)0.14SiO2(H2O)1.6 

3 0.2 0.96 0 0.20 0.16 1.62 (CaO)0.96(K2O)0.20(Al2O3)0.16SiO2(H2O)1.6 
a: Na/Si ratios based on direct methods [41] are associated with an error of ±0.2 units 
for the 0.5 M alkali samples and ±0.4 for the 1 M alkali samples. 
b: K/Si ratios based on indirect methods [41] are associated with an error of ±0.3 units 
 

Table 16. Chemical compositions of the C-N-A-S-H products, determined from Rietveld 
analysis, TGA, mass balance and dissolution experiments. The estimated absolute errors are 
less than ±0.05 units in the Ca/Si ratios, ±0.2 units in the H2O/Si ratios, and ±0.05 units for the 
0.1 M alkali samples in the Na/Si ratios of the C-N-A-S-H products. C-A-S-H equilibrated for 
0.25- 90 days: synthesized with water/solid = 45, C-A-S-H equilibrated for 90*, 450* and 1350* 
days: synthesized with water/solid = 40. 

target 
Ca/Si 
ratio 

hydration 
time 

Ca/Si Na/Si Al/Si H2O/Si chemical formula (days) 

0.6 

0.25 0.54 0.23 0.10 1.1 (CaO)0.54(Na2O)0.11(Al2O3)0.048(SiO2)1(H2O)1.1 

1 0.67 0.50 0.10 1.4 (CaO)0.67(Na2O)0.25(Al2O3)0.051(SiO2)1(H2O)1.4 

3 0.75 0.51 0.11 1.7 (CaO)0.75(Na2O)0.26(Al2O3)0.055(SiO2)1(H2O)1.7 

7 0.71 0.43 0.10 1.7 (CaO)0.71(Na2O)0.22(Al2O3)0.052(SiO2)1(H2O)1.7 

14 0.71 0.49 0.10 1.7 (CaO)0.71(Na2O)0.25(Al2O3)0.05(SiO2)1(H2O)1.7 

28 0.68 0.58 0.09 1.6 (CaO)0.68(Na2O)0.29(Al2O3)0.047(SiO2)1(H2O)1.6 

90 0.67 0.51 0.09 1.6 (CaO)0.67(Na2O)0.26(Al2O3)0.046(SiO2)1(H2O)1.6 

90* 0.67 0.45 0.10 1.6 (CaO)0.67(Na2O)0.23(Al2O3)0.050(SiO2)1(H2O)1.6 

450* 0.69 0.39 0.10 1.5 (CaO)0.69(Na2O)0.20(Al2O3)0.049(SiO2)1(H2O)1.5 

1350* 0.64 0.42 0.07 1.4 (CaO)0.64(Na2O)0.21(Al2O3)0.034(SiO2)1(H2O)1.4 

0.8 

0.25 0.64 0.17 0.09 1.1 (CaO)0.64(Na2O)0.09(Al2O3)0.046(SiO2)1(H2O)1.1 

1 0.78 0.75 0.09 1.6 (CaO)0.78(Na2O)0.37(Al2O3)0.043(SiO2)1(H2O)1.6 

3 0.80 0.70 0.09 1.6 (CaO)0.80(Na2O)0.35(Al2O3)0.043(SiO2)1(H2O)1.6 

7 0.80 0.50 0.09 1.6 (CaO)0.80(Na2O)0.25(Al2O3)0.043(SiO2)1(H2O)1.6 

14 0.80 0.61 0.09 1.6 (CaO)0.80(Na2O)0.30(Al2O3)0.043(SiO2)1(H2O)1.6 

28 0.79 0.56 0.09 1.6 (CaO)0.79(Na2O)0.28(Al2O3)0.043(SiO2)1(H2O)1.6 

90 0.79 0.57 0.09 1.6 (CaO)0.79(Na2O)0.29(Al2O3)0.043(SiO2)1(H2O)1.6 

90* 0.81 0.40 0.09 1.7 (CaO)0.81(Na2O)0.20(Al2O3)0.046(SiO2)1(H2O)1.7 

450* 0.81 0.41 0.09 1.9 (CaO)0.81(Na2O)0.21(Al2O3)0.045(SiO2)1(H2O)1.9 

1350* 0.81 0.37 0.09 1.7 (CaO)0.81(Na2O)0.18(Al2O3)0.047(SiO2)1(H2O)1.7 

1.0 

0.25 0.72 0.10 0.09 1.1 (CaO)0.72(Na2O)0.05 (Al2O3)0.045(SiO2)1(H2O)1.1 

1 0.96 0.39 0.09 1.7 (CaO)0.96(Na2O)0.19(Al2O3)0.043(SiO2)1(H2O)1.7 

3 0.98 0.42 0.09 2.0 (CaO)0.98(Na2O)0.21(Al2O3)0.043(SiO2)1(H2O)2.0 

7 0.99 0.44 0.09 1.8 (CaO)0.99(Na2O)0.22(Al2O3)0.044(SiO2)1(H2O)1.8 

14 0.98 0.49 0.09 1.7 (CaO)0.98(Na2O)0.24(Al2O3)0.043(SiO2)1(H2O)1.7 

28 0.99 0.44 0.09 1.7 (CaO)0.99(Na2O)0.22(Al2O3)0.044(SiO2)1(H2O)1.7 

90 0.98 0.57 0.09 1.7 (CaO)0.98(Na2O)0.29(Al2O3)0.043(SiO2)1(H2O)1.7 

90* 0.99 0.37 0.09 1.8 (CaO)0.99(Na2O)0.18(Al2O3)0.045(SiO2)1(H2O)1.8 

450* 0.98 0.33 0.08 2.0 (CaO)0.98(Na2O)0.16(Al2O3)0.040(SiO2)1(H2O)2.0 

1350* 0.99 0.29 0.09 2.0 (CaO)0.99(Na2O)0.15(Al2O3)0.045(SiO2)1(H2O)2.0 

1.2 0.25 0.80 0.15 0.09 1.1 (CaO)0.80(Na2O)0.073(Al2O3)0.044(SiO2)1(H2O)1.1 
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1 1.07 0.47 0.09 1.5 (CaO)1.07(Na2O)0.23(Al2O3)0.044(SiO2)1(H2O)1.5 

3 1.15 0.55 0.08 1.8 (CaO)1.15(Na2O)0.27(Al2O3)0.042(SiO2)1(H2O)1.8 

7 1.16 0.33 0.08 2.0 (CaO)1.16(Na2O)0.17(Al2O3)0.040(SiO2)1(H2O)2.0 

14 1.17 0.37 0.08 1.8 (CaO)1.17(Na2O)0.18(Al2O3)0.040(SiO2)1(H2O)1.8 

28 1.17 0.34 0.08 1.8 (CaO)1.17(Na2O)0.17(Al2O3)0.040(SiO2)1(H2O)1.8 

90 1.16 0.43 0.08 1.7 (CaO)1.16(Na2O)0.21(Al2O3)0.039(SiO2)1(H2O)1.7 

90* 1.15 0.21 0.07 2.0 (CaO)1.15(Na2O)0.11(Al2O3)0.036(SiO2)1(H2O)2.0 

450* 1.18 0.24 0.09 2.4 (CaO)1.18(Na2O)0.12(Al2O3)0.045(SiO2)1(H2O)2.4 

1350* 1.17 0.15 0.09 1.8 (CaO)1.17(Na2O)0.073(Al2O3)0.043(SiO2)1(H2O)1.8 

1.4 

0.25 0.89 0.22 0.09 1.2 (CaO)0.89(Na2O)0.11(Al2O3)0.045(SiO2)1(H2O)1.2 

1 1.17 0.45 0.09 1.6 (CaO)1.17(Na2O)0.23(Al2O3)0.045(SiO2)1(H2O)1.6 

3 1.23 0.41 0.09 1.7 (CaO)1.23(Na2O)0.21(Al2O3)0.046(SiO2)1(H2O)1.7 

7 1.23 0.35 0.09 1.8 (CaO)1.23(Na2O)0.18(Al2O3)0.045(SiO2)1(H2O)1.8 

14 1.25 0.47 0.09 1.8 (CaO)1.25(Na2O)0.23(Al2O3)0.044(SiO2)1(H2O)1.8 

28 1.26 0.30 0.09 1.8 (CaO)1.26(Na2O)0.15(Al2O3)0.045(SiO2)1(H2O)1.8 

90 1.26 0.41 0.09 1.7 (CaO)1.26(Na2O)0.21(Al2O3)0.046(SiO2)1(H2O)1.7 

90* 1.20 0.25 0.06 1.7 (CaO)1.20(Na2O)0.12(Al2O3)0.031(SiO2)1(H2O)1.7 

450* 1.28 0.21 0.09 1.8 (CaO)1.28(Na2O)0.11(Al2O3)0.043(SiO2)1(H2O)1.8 

1350* 1.27 0.13 0.08 1.6 (CaO)1.27(Na2O)0.065(Al2O3)0.039(SiO2)1(H2O)1.6 

1.6 

0.25 0.91 0.27 0.09 1.2 (CaO)0.91(Na2O)0.14(Al2O3)0.045(SiO2)1(H2O)1.2 

1 1.26 0.51 0.09 1.5 (CaO)1.26(Na2O)0.26(Al2O3)0.046(SiO2)1(H2O)1.5 

3 1.31 0.46 0.09 1.7 (CaO)1.31(Na2O)0.23(Al2O3)0.047(SiO2)1(H2O)1.7 

7 1.32 0.47 0.09 1.8 (CaO)1.32(Na2O)0.23(Al2O3)0.047(SiO2)1(H2O)1.8 

14 1.34 0.37 0.09 1.9 (CaO)1.34(Na2O)0.19(Al2O3)0.047(SiO2)1(H2O)1.9 

28 1.23 0.39 0.07 2.0 (CaO)1.23(Na2O)0.19(Al2O3)0.037(SiO2)1(H2O)2.0 

90 1.28 0.35 0.08 1.6 (CaO)1.28(Na2O)0.17(Al2O3)0.040(SiO2)1(H2O)1.6 

90* 1.29 0.28 0.08 1.7 (CaO)1.29(Na2O)0.14(Al2O3)0.038(SiO2)1(H2O)1.7 

450* 1.37 0.17 0.08 2.0 (CaO)1.37(Na2O)0.084(Al2O3)0.042(SiO2)1(H2O)2.0 

1350* 1.34 0.17 0.07 1.8 (CaO)1.34(Na2O)0.083(Al2O3)0.033(SiO2)1(H2O)1.8 
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 Secondary phase quantification 

Table 17 Secondary phase quantification and mean silica chain length (MCL) of C-S-H 
samples without and with alkali hydroxide. 

Synthesis solution 
Ca/SiC-S-

H 
SiO2 amorphous 

(wt. %) 
Portlandite 

(wt. %) 
K2CO3·1.5H2O 

(wt. %) MCL 

Ca/Si* = 0.6      
Water 0.75a 10.1   76.1 

0.1 M NaOH 0.71 2.22   11.9 
0.1 M KOH 0.71 4.84   15.3 

0.5 M NaOH 0.70    5.41 
0.5 M KOH 0.69 0.42   33.0 
1 M NaOH 0.73     
1 M KOH 0.73 1.28    

Ca/Si* = 0.8      

Water 0.88 4.05   26.5 

0.1 M NaOH 0.81 1.27   5.50 
0.1 M KOH 0.83 0.53   6.99 

0.5 M NaOH 0.81    3.82 
0.5 M KOH 0.81    7.44 
1 M NaOH 0.83     
1 M KOH 0.81     

Ca/Si* = 1.0      

Water 0.98    9.12 

0.1 M NaOH 1.00    3.06 
0.1 M KOH 1.00    5.11 

0.5 M NaOH 1.00    2.46 
0.5 M KOH 1.00    3.01 
1 M NaOH 0.90b  4.69   
1 M KOH 0.97  0.85 4.65  

Ca/Si* = 1.2      

Water 1.16    3.48 

0.1 M NaOH 1.19    2.20 
0.1 M KOH 1.19    2.56 

0.5 M NaOH 1.19b  0.44  2.24 
0.5 M KOH 1.16b  1.42  3.01 
1 M NaOH 1.01b  7.83   
1 M KOH 1.16b  2.05   

Ca/Si* = 1.4      
Water 1.30    2.55 

0.1 M NaOH 1.34b  1.27  2.22 
0.1 M KOH 1.36b  0.75  2.56 

0.5 M NaOH 1.25b  6.09  2.31 
0.5 M KOH 1.21b  7.21  2.80 
1 M NaOH 1.02b  14.9   
1 M KOH 1.16b  9.70   

Ca/Si* = 1.6      
Water 1.44b    2.56 

0.1 M NaOH 1.44b  5.27  2.30 
0.1 M KOH 1.48b  3.72  2.47 

0.5 M NaOH 1.35b  9.87  2.26 
0.5 M KOH 1.22b  12.8  2.64 
1 M NaOH 1.07b  20.3   
1 M KOH 1.17b  15.8   

* Amorphous SiO2 and MCL quantified from 29Si NMR. Portlandite quantified by TGA.  
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Table 18 Solid phase assemblages of the C-(N,K-)A-S-H samples, as determined by XRD / 
Rietveld analysis. The estimated absolute error is ±2 wt.%. 

synthesis 
solution 

time 
target 
Al/Si 

C-(N,K)-A-S-H CH C3AH6 C2ASH8 Hc Mc 

(months) (wt.%） (wt.%） (wt.%） (wt.%） (wt.%） (wt.%） 

0.1M 
NaOH 

12 0 100      

15 0.05 100      

15 0.1 98.8  1.2    

15 0.15 96.0  2.0 2.0   

15 0.2 87.8  7.0 5.2   

0.5M 
NaOH 

12 0 100      

15 0.05 100      

15 0.1 98.4  1.1   0.4 

15 0.15 94.6  2.5  0.5 2.3 

15 0.2 98.1  1.9    

1M 
NaOH 

12 0 100      

15 0.05 98.8  1.2    

15 0.1 99.4  0.6    

15 0.15 96.4 0.3   1.6 1.7 

15 0.2 99.0  1.0    

0.1M 
NaOH 

3 0 100      

3 0.05 100      

3 0.1 98.7  1.3    

3 0.15 97.5 0.6 1.9    

3 0.2 88.3  3.9 7.9   

0.5M 
NaOH 

3 0 100      

3 0.05 100      

3 0.1 99.3    0.7  

3 0.15 98.5  1.1  0.4  

3 0.2 96.2  1.4 2.4   

1M 
NaOH 

3 0 100      

3 0.05 100      

3 0.1 99.3 0.5   0.3  

3 0.15 98.4 0.9   0.2 0.5 

3 0.2 97.0 0.8 0.3  0.6 1.4 

0.5M 
KOH 

3 0 100      

3 0.01 100      

3 0.03 100      

3 0.05 100      

3 0.1 100      

3 0.15 100      

3 0.2 97.2  0.9   1.9 
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Table 19. Solid phase assemblages of the C-(N,K-)A-S-H samples, as determined by TGA and 
XRD Rietveld analysis. The estimated absolute error is ±2 wt.%. C-A-S-H equilibrated for 0.25- 
90 days: synthesized with water/solid = 45, C-A-S-H equilibrated for 90*, 450* and 1350* days: 
synthesized with water/solid = 40. 

Equilibration 
time 

target 
Ca/Si 
ratio 

C-A-S-H CH C3AH6 Hc Mc 
Gismondine-

P1 

(days) (wt.%） (wt.%） (wt.%） (wt.%） (wt.%） (wt.%） 

0.25 

0.6 96.5 3.5         

0.8 91.8 8.2     
1.0 86.9 13.1     
1.2 82.6 17.0 0.4    
1.4 79.4 20.6     
1.6 74.5 25.5         

1 

0.6 98.6 0.9 0.5    
0.8 98.9  1.1    
1.0 98.0 1.0 1.0    
1.2 94.6 4.5 0.9    
1.4 91.2 8.4 0.4    
1.6 87.6 12.2 0.3       

3 

0.6 99.3  0.7    
0.8 99.0  1.0    
1.0 99.1  0.9    
1.2 97.8 0.8 1.3    
1.4 93.3 6.2 0.5    
1.6 89.8 9.9 0.3       

7 

0.6 99.3  0.7    
0.8 99.1  0.9    
1.0 99.2  0.8    
1.2 98.0 0.3 1.7    
1.4 93.9 5.5 0.7    
1.6 90.5 9.2 0.3       

14 

0.6 98.7  1.3    
0.8 99.1  0.9    
1.0 99.0  1.0    
1.2 98.2  1.8    
1.4 94.3 4.9 0.8    
1.6 91.2 8.5 0.3       

28 

0.6 98.5  1.5    
0.8 99.1  0.9    
1.0 99.1  0.9    
1.2 98.2  1.8    
1.4 94.8 4.4 0.8    
1.6 86.0 11.1 0.4 0.3 2.2   

90 

0.6 98.5  1.5    
0.8 99.1  0.9    
1.0 99.0  1.0    
1.2 97.8  2.2    
1.4 94.7 4.6 0.7    
1.6 87.9 9.9 0.3 0.1 1.8   

90* 

0.6 100.0      
0.8 100.0      
1.0 99.3   0.7   
1.2 97.2 0.0 2.1 0.7   
1.4 90.2 5.0 1.3 1.7 1.9  
1.6 87.4 9.3 0.0   3.3   

450* 

0.6 99.8  0.2    
0.8 100.0      
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1.0 98.3  1.3  0.4  
1.2 99.0  0.3  0.7  
1.4 95.0 3.1 0.4  1.5  
1.6 91.5 6.4 0.5   1.6   

1350* 

0.6 92.0 2.0 1.0   5.1 

0.8 100.0 0.0     
1.0 99.2  0.8    
1.2 98.0    2.0  
1.4 93.6 3.4 0.4  2.6  
1.6 88.7 7.1 1.0   3.3   
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 Silicate main chain length and Q1 species determined by FTIR, Raman 
and 29Si NMR 

 

 

Figure 43. Silicate main chain length and Q1 species determined by FTIR, Raman and 29Si 
NMR. Filled symbols: silicate main chain length, empty symbols: Q1 species 
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 FTIR and Raman spectra of C-(N,K-)S-H and C-N-(A-)S-H 

 
Figure 44. FTIR spectra water region of C-(N,K-)S-H with target Ca/Si=1.2 after an 
equilibration time of 3 months at different KOH concentrations 

 

Figure 45. FTIR spectra of C-(N,K-)S-H with Ca/Sitarget = 0.6 after an equilibration time of 3 
months at different KOH concentrations 
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Figure 46. (a) FTIR -OH region and (b) Raman -OH region of C-N-(A-)S-H with target Ca/Si=1.0 after 
an equilibration time of 1 year with different initial Al/Si, synthesized in 0.5 M NaOH. Three FTIR peaks 
are observed at 2881, 2933 and 2975 cm-1 corresponding to symmetric C-H stretching modes, νs(CH2), 

νs(CH3), and ν′s(CH3) of ethanol molecules [149] on the surface which were not removed during freeze-

drying. A Raman peak at 2432 cm-1 increasing with the intensity of peak at 477 cm-1, which could indicate 
the presence of ethanol or water molecules captured in a 4-membered ring. 
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Figure 47. FTIR and second derivative of C-N-(A-)S-H with target Ca/Si=1.0 after an equilibration time 
of 1 year with different initial Al/Si, synthesized in (a), (b) 0.1 M NaOH, and (c), (d) 1 M NaOH. 
Normalized to the most intensive band at ~ 970 cm-1.  
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 NMR spectra  
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Figure 48. 29Si NMR spectra of C-(N,K-)S-H synthesized in different NaOH and concentrations 
after an equilibration time of 3 months. The dashed line located at ~-70 ppm indicates the Q0 
signal.  
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Figure 49. Detailed 27Al NMR deconvolution result in C-A-S-H with Ca/Si 1.0 equilibriumed 
from 0.25 day to 1350 days (target Al/Si = 0.1). C-A-S-H equilibrated for 0.25- 90 days: 
synthesized with water/solid = 45, C-A-S-H equilibrated for 90*, 450* and 1350* days: 
synthesized with water/solid = 40. 
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 Pawley fits of the tobermorite 11 Å and 14 Å (for 1.0 M KOH) model to 
the C-(N,K-)S-H 

 
Figure 50. Pawley fits of the tobermorite 11 Å and 14 Å (for 1.0 M KOH) model to the C-(N,K-
)S-H powder patterns with Ca/Sitarget = 1.0. Experimental data are shown as black points, red 
line as the fit, grey line the data-fit curve, and the blue hkl tick marks for tobermorite 
reflections. In the case of 1.1 M KOH, an additional impurity phase of K2CO3·1.5H2O (PDF# 
00-011-0655) was present, which was Rietveld refined with the pink hkl tick marks indicating 
the reflections. For the 1.0 M NaOH synthesis condition, two reflections are visible for the 
first diffraction peak, therefore two tobermorite 11 Å models were used to fit the data (shown 
by the blue and red hkl tick marks). These have different c-axis and crystallite size along the 
c-direction parameters, but all other parameters are kept equal between the two phases. In 
addition, the portlandite impurity phase was present and was Rietveld refined with the green 
hkl tick marks indicating the reflection positions. 
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 XRD and TGA  

 

 

 
Figure 51 XRD and TGA of C-N,K-(A-)S-H with target Ca/Si=1.0 and different initial Al/Si, synthesized 
in (a), (b) NaOH 0.1 M; (c), (d) NaOH 1 M, equilibrated for 1 year; (e), (f) KOH 0.5 M, equilibrated for 3 
months. S: strätlingite (Ca2Al((AlSi)1.1O2)(OH)12(H2O)8, PDF# 00-041-0221), K: katoite (Ca3Al2(OH)6, 
PDF# 00-024-0217), P: portlandite (Ca(OH)2, PDF# 00-004-733), Hc: Hemicarbonate 
(Ca4Al2(OH)12(OH)(CO3)0.5(H2O)5, PDF# 00-029-0285), Mc: monocarbonate 
(Ca4Al2(OH)12(OH)(CO3)(H2O)5, PDF# 00-029-0285), Cc: Carbonates. */P: The weight loss at around 
450 °C in (d) is tentatively assigned to C-N-A-S-H and/or portlandite. The d001 reflections of Al/Sitarget = 
0.15 and 0.2, NaOH 0.1 M are hidden because of the overlap with strätlingite.  
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Figure 52. Variation of the mean basal spacing as a function of the H2O/Si in C-(N,K-)A-S-H with 
Ca/Sitarget  at 1.0. 

 

Figure 53. FWHM (~ 3.1 Å) vs Al/Si in C-A-S-H. A weak increase of the FWHM (full width at half 

maximum) of the main peak at ~ 3.1 Å (~ 29° 2θ Cu Kα) is observed with the Al/Si in C-S-H. Several 
different signals contribute to the peak at ~ 3.1 Å: 020, -220, 2-22, 022[100]. The broadening of this 
peak could indicate a growth of the silicate layer and/or a more disordered structure in the presence of 
more Al. 
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Figure 54 XRD and TGA of C-A-S-H with (a) and (b) target Ca/Si=0.8, (c) and (d) target 
Ca/Si=1.2, (e) and (f) target Ca/Si=1.6 synthesized in NaOH 0.5 M with initial Al/Si 0.1, 
equilibrated for different time from 0.25 day to 1350 day. C: C-N,K-(A-)S-H, K: katoite 
(Ca3Al2(OH)6, PDF# 00-024-0217), Hc: Hemicarbonate (Ca4Al2(OH)12(OH)(CO3)0.5(H2O)5, 
PDF# 00-029-0285) , Mc: monocarbonate (Ca4Al2(OH)12(OH)(CO3)(H2O)5, PDF# 00-029-
0285), Cc: carbonates. ▲: unidentified phase.   
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 Al K-edge XANES  

 

Figure 55. Al K-edge XANES spectra for C-A-S-H with different initial Al/Si synthesized in NaOH 1 M 

and reference spectra for CA, C3AH6 and CO3-AFm.  

Table 20 Indicators of theoretical error functions. INDn shows at n = 2 a minimum, indicating 
that only 2 components are responsible for the variation of the spectra; RPVn and REn drop 
down rapidly and level off above at n = 3, and thus the system contains 3 components; IEn 
fails to show a inflection point for a minimum and thus to indicate the number of components. 

n REn IEn XEn INDn RPVn 

1 0.01055 0.00431 0.00963 0.00042 2.37323 

2 0.00150 0.00086 0.00122 0.00009 0.03831 

3 0.00098 0.00069 0.00069 0.00011 0.01230 

4 0.00044 0.00036 0.00015 0.00011 0.00166 

5 0.00027 0.00025 0.00011 0.00027 0.00032 

Note: n – number of components, REn – real error in data, IEn – imbedded error, XEn – extracted error, 
IND – indicator function, RPVn – residual percent variance. 
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Figure 56. Iterative-target transformation factor analysis (ITFA) of Al K-edge XANES spectra. 
(a) Abstract spectra of the components from the principal component analysis (PCA), with the 
first three components displaying “spectrum” features more obviously. It indicates that all 
spectra can be well reproduced with only three components. (b) The three component spectra 
calculated with the ITFA code, which are identified as CASH, katoite, and AFm-CO3 in 
sequence.  
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 Concentrations of Ca, Si and Al in solutions 

 

Figure 57. Concentrations of Ca, Si and Al in solutions equilibrated with C-N,K-(A-)S-H 
samples as a function of Al/Si ratios. C-N,K-(A-)S-H with target Ca/Si=1.0 synthesized in (a) 
0.1 M NaOH, (b) 0.5 M NaOH and (c) 1 M NaOH. The equilibration time is 1 year. Orange 
squares: Ca, blue triangles: Si and red diamonds: Al. The estimated relative uncertainty of the 
IC measurements is ±10%. Lines: simulated using the thermodynamic CASH+ model [61–63]. 
The thermodynamic model overestimated the Si concentration at 0.5 M and 1 M NaOH. 
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Figure 58. Chemical compositions (units in molar fraction) of the C-N,K-A-S-H products of target Ca/Si 
at 1.0 and different target Al/Si and with different NaOH or KOH concentration projected in a ternary 
diagram. 
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